
Preface

The 21st International Symposium on Space Terahertz Technology was held 
at The Said Business Center of Oxford University and The  STFC Rutherford 
Appleton Laboratory  in  the  United  Kingdom,  on March 23-35,  2010.   The 
Symposium was attended by about  140 scientists  and engineers from the 
European Union, USA, Japan, Russia, Chile and China.

The organizers would like to thank the scientific committee and the authors 
who made the symposium such an interesting and enjoyable event.  Special 
thanks are due to Vanessa Ferraro-Wood  from Oxford Astrophysics and Jane 
Porter from RAL who worked many hours, often outside normal office hours, 
organizing  the  college  accommodation,  registration  and  numerous  other 
logistical items.

All submitted papers have been included in these proceedings.  In total,  5 
plenary presentations and 106 ordinary presentations were made, 55 of them 
as oral presentations and 51 posters.  The breakdown in terms of technology 
category was as follows:

Astronomical telescopes  6
Earth and planetary observations  9
Receivers and THz systems 15
HEB Mixers  5
SIS mixers  9
Direct detectors 15
Schottky diodes and mixers 12
Local Oscillators and THz sources 13
Novel devices   5
Optics and waveguide components 14
Calibration and measurements  3

The 22nd International Symposium on Space THz Technology will be held on 
April 2011 in Tucson, Arizona.  Further details are available at 
http://isstt2011.events.asu.edu/isstt/

The 23rd International Symposium on Space THz Technology will be held in 
2012 in Japan.

− Ghassan Yassin and Brian Ellison
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Abstract— The Stratospheric Observatory for Infrared 

Astronomy (SOFIA) is a joint U.S./German Project to develop 

and operate a 2.5-meter infrared airborne telescope in a Boeing 

747-SP that flies in the stratosphere at altitudes as high as 

45,000 and is capable of observations from 0.3 µm to 1.6 mm 

with an average transmission greater than 80 percent. SOFIA 

will be staged out of the NASA Dryden Flight Research Center 

aircraft operations facility at Palmdale, CA and the SOFIA 

Science Mission Operations Center (SSMOC) will be located at 

NASA Ames Research Center, Moffet Field, CA. First science 

flights will begin in 2010 and a full operations schedule of more 

than 100 8 to 10 hour flights per year will be reached by 2014.  

The observatory is expected to operate until the mid 2030's. 

SOFIA will initially fly with eight focal plane instruments that 

include broadband imagers, moderate resolution spectrographs 

that will resolve broad features due to dust and large molecules, 

and high resolution spectrometers capable of studying the 

kinematics of molecular and atomic gas lines at km/s resolution. 

We describe the SOFIA facility and outline the opportunities 

for observations by the general scientific community, future 

instrumentation developments, and operations collaborations. 

The operational characteristics of the SOFIA first-generation 

instruments are summarized and we give several specific 

examples of the types of scientific studies to which these 

instruments are expected to make fundamental scientific 

contributions.  Additional information about SOFIA is 

available at http://www.sofia.usra.edu . 

I. INTRODUCTION: PROJECT OVERVIEW AND STATUS 

 
NASA’s Stratospheric Observatory for Infrared (IR) 

Astronomy (SOFIA) will soon join the Spitzer Space 
Telescope [1,2], Herschel  Space Observatory [3], and James 
Webb Space Telescope (JWST) [4] as one of  the premier 
observatories for IR/Submillimeter astronomy during the 
next 25 years. SOFIA, a joint project of NASA and the 
German Space Agency (DLR), is a 2.5-meter telescope in a 
Boeing 747SP aircraft (Figure 1) designed to make sensitive 
IR measurements of a wide range of astronomical objects. 
SOFIA will fly at altitudes up to 45,000 feet (13.72 km), 
above 99.8% of the obscuring atmospheric H2O vapor.  It 
will enable observations at wavelengths from 0.3 µm to 1.6 
mm with ! 80% transmission, concentrating especially on 
the obscured region between 30 and 300 µm (Figure 2).  At 
this altitude, the precipitable water column depth is typically 
less than 10 µm.   

 
Science  support  for the SOFIA  user  community  will be  

provided by the SOFIA Science Mission Operations Center 
(SSMOC) at NASA Ames Research Center, Moffett Field, 

 

 

 

 

 

 

 

1. (Left) The NASA/DLR SOFIA observatory 
flying with its observatory door opened to full 
aperture for the first time on Dec. 18, 2009. 
(NASA Photo / Carla Thomas). 
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Fig. 2. The typical  atmospheric transmission at an altitude of 45,000 feet as 
compared to the transmission on a good night at Mauna Kea (13,800 ft. 
MSL).  From 1 to 1000 µm, the average transmission is !80% except in the 
center of absorption lines due to mostly H2O, CO2, and O2. Background 
image: IRAC false color image of the Sombrero Galaxy, courtesy of 
NASA/JPL-Caltech. 

 
California and the Deutsches SOFIA Institut (DSI) at the 
University of Stuttgart, Stuttgart, Germany. The home base 
for flight operations of the SOFIA aircraft, Clipper 
Lindbergh, will be NASA’s Dryden Aircraft Operations 
Facility (DAOF) in Palmdale, California.  SOFIA will also 
operate from other bases world wide, including some in 
southern hemisphere, to enable observations at any 
declination in the sky and to facilitate timely observations of 
transient events such as variable stars, comet apparitions, 
occultations, extoplanet transits, novae, and supernovae.  
   

SOFIA will provide community-wide opportunities for 
forefront science, invaluable hands-on experience for young 
researchers, and an extensive and unique education and 
public  

 Table 1.   Characteristics of the SOFIA Observatory and Telescope  

outreach program.  With observing flexibility and the ability 
to deploy new and updated instruments, the observatory will 
make important contributions towards understanding a 
variety of astrophysical problems well into the 21st century.  

 
First test flights of the observatory began in April 2007 at 

L-3 Communications in Waco, Texas after which it was 
ferried to DAOF where further flight testing and 
development has been conducted.  Closed door testing was 
completed in January, 2008. The first flight of the DAOF 
open door test series occurred on December 9, 2009, and the 
door was opened to expose the full aperture of the telescope 
a week later on December 18, 2009.  SOFIA will see first 
light in April of 2010, and by 2014, is expected to begin 
making more than 100 8-10 hour scientific flights per year 
until the mid 2030s.   

II. THE SOFIA TELESCOPE 

 
The SOFIA telescope (Table 1 and Figures 3 and 4), 

supplied by DLR under an agreement with NASA in 
exchange for observing time on SOFIA, is a bent Cassegrain 
with a 2.7m (2.5m effective aperture) parabolic primary 
mirror and a 0.35m diameter hyperbolic secondary mirror 
with a f/19.6 Nasmyth infrared focus fed by a 45° gold 
coated dichroic mirror.  
 

The infrared Nasmyth focus is 300mm behind the 
instrument flange.  The dichroic mirror allows transmitted 
optical light to be reflected by a second tertiary behind the 
dichroic to a visible Nasmyth focus where it is fed into an 
optical focal plane guiding camera system, the Focal Plane 
Imager (FPI).  Two other imaging and guiding cameras, 
independent of the FPI, are available: the Wide Field Imager 
(WFI) and the Fine Field Imager (FFI). The WFI and the FFI 
are attached to the front ring of the telescope. The dichroic 
tertiary mirror can be replaced by a fully reflecting tertiary 
for applications requiring maximum throughput at the 
shorter wavelengths. 
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Fig. 3. (left) The bent Cassegrain-Nasmyth optical configuration of the 
SOFIA 2.5-meter infrared telescope. (right) Main cabin looking aft toward 
the pressure bulkhead and telescope assembly (courtesy of the NASA 
Dryden Flight Research Center Photo Collection.). 

 
The secondary mirror is attached to a chopping 

mechanism providing chop amplitudes of up to ± 4 arcmin at 
chop frequencies between 0 and 20 Hz, programmable by 
either a user supplied wave-form or by the telescope control 
electronics. 

III. SOFIA’S FIRST GENERATION INSTRUMENTS 

 
SOFIA's eight first generation Science Instruments (SIs, 

Table 2) cover a much wider range of wavelengths and 
spectral resolutions than those of any other observatory 
(Figure 5). These include three Facility Class Science 
Instruments (FSIs) that will be maintained and operated by  

 

Fig. 4.  (Below) Cutaway view of the SOFIA Observatory showing the 
locations of the critical components 

 

 

the SOFIA Science Mission Operations (SMO) staff: the 
High-resolution Airborne Wideband Camera (HAWC), the 
Faint Object InfraRed Camera for the SOFIA Telescope 
(FORCAST), and the First Light Infrared Test Experiment 
CAMera (FLITECAM).  FSI pipeline-reduced and flux 
calibrated data will be archived for general access by the 
astronomical community after a one year exclusive access 
(proprietary) period. 

The remaining five SIs are Principal Investigator (PI) 
class instruments are maintained and operated by the PI 
teams at their home institutions.  These instruments are 
designed to be less general in their potential applications 
than FSIs.  They are more likely to undergo upgrades 
between flight series so that they can be maintained at the 
state-of-the-art, albeit at the expense of not having fixed 
capabilities. General investigators will be able to propose for 
PI instruments in collaboration with the PI team.  Present 
development plans are for pipeline reduced data from the US 
PI instruments to  be added to the science archive after a one 
year exclusive access period Two PI-class instruments are 
being developed in Germany.  It is planned that the German 
PI instrument  
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Table 2. SOFIA First Generation Instrument Summary 

 

The Field Imaging Far-Infrared Line Spectrometer (FIFI 
LS) will be available to the US science community as a 
Facility-like instrument under special arrangement with the 
FIFI LS team. The FIFI LS data will be pipeline-reduced and 
flux-calibrated before it is placed in the data archive.  

 
Information about all the first-generation instruments is at: 

 
 http://www.sofia.usra.edu/Science/instruments/index.html . 

 
 
 
 
 
 
 
 
 

Figure 5.  (Right) SOFIA’s  first 
generation instruments shown in a 
plot of log spectral resolution vs. 
log wavelength. FORCAST and  
GREAT will operate in the regimes 
indicated by the large red ovals at 
first light and during early science 
operations 

 
 
 
 
 
 
 
 
 

 
 

 

IV. EARLY SCIENCE WITH FORCAST AND GREAT 

 
Early science programs during 2010-2011 will be 

conducted with the Cornell FORCAST imager and the 
German spectrometer GREAT (see Figure 5).   
 

FORCAST is a facility class, mid-infrared diffraction-
limited camera with selectable filters for continuum imaging 
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in two 4-25 µm and 25-40 µm bands, and also incorporates 
low resolution (R = 200-800) grism spectroscopy in the 4-8, 
16-25 µm and/or 25-40 µm regions.  It will provide the 
highest spatial resolutions possible with SOFIA, enabling 
detailed imaging of protostellar environments, young star 
clusters, molecular clouds, and galaxies.  Simultaneous high-
sensitivity wide-field imaging can be performed in the two-
channels using 256x256 Si:As and Si:Sb detector arrays 
which sample at 0.75 arcsec/pixel giving a 3.2 arcmin x 3.2 
arcmin field-of view. For small objects, chopping can be 
performed on the array to increase sensitivity. 
 

GREAT, a PI-class instrument, will investigate a wide 
range of astronomical questions requiring the highest 
spectral resolution.  These include observations of the158µm 
fine-structure transition of ionized carbon (CII), which is the 
most important cooling line of the cold interstellar medium 
and is a sensitive tracer of the star forming activity of a 
galaxy.  Observations of the 112µm rotational ground-state 
transition of  HD will allow the derivation of the abundance 
profile of deuterium across the galactic disk and nearby 
galaxies, thereby providing unique information on the 
chemical evolution and star formation history of these 
systems.  GREAT is a  2-channel heterodyne instrument that 
offers observations in three frequency bands with frequency 

resolution down to 45 kHz (3.74 ! 10 -6  µm). The lower 

band, 1.4-1.9 THz (157.89 -214.29 "m), covers fine-
structure lines of ionized nitrogen and carbon. The middle 
band is centered on the cosmologically relevant 1-0 
transition of deuterated molecular hydrogen (HD) at 2.6 THz 

(112 "m) and the rotational ground-state transition of OH. A 
high-frequency band includes the 63µm transition of OI.  
The receivers employ sensitive superconducting mixer 
elements, SIS tunnel junctions and hot electron bolometers. 
A polarizing beam splitter allows simultaneous 
measurements of two lines at the same time. 

V. PERFORMANCE SPECIFICATIONS OF SOFIA WITH ITS 

FIRST GENERATION INSTRUMENTS 

SOFIA’s first generation SIs will initially provide for high!

resolution spectroscopy (R!104) at wavelengths between 5 

and 600 µm, and the 8 arcminute diameter field of view 
(FOV) allows use of very large format detector arrays.  
Despite the relatively large thermal IR background at 

SOFIA’s operational altitude, the 2.5!meter aperture of the 

SOFIA telescope will be capable of measurements with an 
order of magnitude better photometric sensitivity than IRAS 
(Figure 6)  and a factor of  > 3 better linear spatial resolution 
than that of the Spitzer Space Telescope (Figure 7).  It will 
be comparable in sensitivity to the European Space Agency 
(ESA) Infrared Space Observatory (ISO).  SOFIA’s 

capability for diffraction!limited imaging beyond 15 µm 

will produce the sharpest images of any current or planned 
IR telescope operating in the 30 to 60 µm region (Figure 5). 
SOFIA’s performance for line flux measurements with 
various first generation instruments is shown in Figure 8. 
Each instrument will have an exposure time calculator on the 

SOFIA website to enable prospective observers to evaluate 
the feasibility of the programs they propose to conduct. See  
http://www.sofia.usra.edu for details. 

 

Fig.6. SOFIA’s photometric sensitivity will be comparable to that of  ISO. 

 

 

Fig.7. SOFIA’s high angular resolution  will make it a premier IR imaging 
facility. 

VI. UNIQUE ADVANTAGES OF SOFIA 

Key advantages of the SOFIA Observatory concept 
promise to make it a unique asset for astronomy in the 
coming decades.  First, SOFIA is an observatory operating in 
a near-space environment that comes home after every flight.  
Thus, its SIs can be exchanged regularly to respond to 
changing science requirements and new technologies that 
need not be space qualified. Second SOFIA can 
accommodate large, massive, complex  instruments requiring 
substantial power and heat  dissipation. Third, simple repairs 
and adjustments to SIs can be performed in flight to optimize  
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Fig. 8  (Above) The expected line sensitivity of SOFIA spectrometers at the 
time of full operational capability. Shown is the 10 " minimum detectable 
line flux (MDLF) in watts per meter squared for 900 seconds of integration 
on source. Observing and chopper efficiency have not been included. 

 
SOFIA’s science productivity. Fourth, SOFIA is a unique 

platform for studying transient events because it can operate 
from airbases worldwide on short notice to respond to new 
discoveries at all declinations. SOFIA can respond to such 
diverse events as supernova/nova explosions, cometary 
impacts, comet apparitions, eclipses, occultations, near-Earth 
objects, activity in Active Galactic Nuclei, and activity in 
luminous variable stars.  Fifth, SOFIA's versatile 
complement of SIs will facilitate a coordinated panchromatic 
science program on specific targets. No other observatory 
operating in SOFIA’s wavelength range has such a large 
variety of SIs for such a long period of time. Sixth, SOFIA 
will be able to access events that many space observatories 
cannot view because of the constraints imposed by their 
orbits. For example, SOFIA can observe objects close to the 
sun, enabling temporal monitoring of supernovae, novae,  
and variable stars, throughout the year.  It will be the only 
infrared mission that can view the inner planets and bright, 
active comets during perihelion passage when they are 
brightest and most active.        

 
 
Finally, SOFIA’s 20-year operational lifetime will enable 
long-term temporal studies and follow-up of work initiated 
by SOFIA itself and by other observatories. 

VII. TRAINING STUDENTS AND DEVELOPING 

TECHNOLOGY WITH SOFIA 

The US and German science communities have identified 
the continuous training of instrumentalists as a high priority.  
SOFIA will contribute to this objective by enabling the 
training of students and faculty in instrument hardware and 
software development. It provides an optimal environment 

for students to participate in the  hands"on, development of  

forefront technologies, an opportunity generally not 
available to students working on satellite projects.  SOFIA 
will inspire the next generation of young experimental 
astrophysicists to develop their talents in many different 
areas of science and engineering.  Just as was the case with 
the Kuiper Airborne Observatory (KAO)5, SOFIA graduate 

and post!doctoral students will form a rich reservoir of 

talent that will become the next generation of Principal 
Investigators and Instrument Scientists. 

 
SOFIA will facilitate the early deployment of new 

detector and instrumentation technology applicable to space-
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flight. Unlike space borne observatories, which must use 
technologies qualified for space-flight years in advance of 

launch, SOFIA will always be able to utilize the latest state"

of!the!art technology in terms of sensitivity, detector 

response time, observation technique, spectral resolution and 
more, by conducting an ongoing instrument development 
program. As noted above, SOFIA instruments can be more 
complex, larger in volume and weight,  and require higher 
power consumption than instruments typically flown on 

space"based observatories. 

VIII. SCIENCE OPERATIONS AND SCHEDULE 

 
The SOFIA Science and Mission Operations Center 
(SSMOC) is located at NASA Ames Research Center in 
Moffett Field, CA. The Universities Space Research 
Association (USRA) and the Deutsches SOFIA Institut 
(DSI) in Stuttgart, Germany manage science and mission 
operations for NASA and DLR.  The SOFIA Program will 
support approximately 50 investigation teams per year, 
selected by a peer reviewed proposal process.  An on-going 
instrumentation development program will ensure that the 
facility is operating at the state-of-the-art during its flight 
lifetime. 
 

IX. GENERAL OBSERVER OPPORTUNITIES WITH SOFIA 

 
Three Early Short Science (ESS) flights with FORCAST 

and GREAT will occur in 2010.  ESS flights, limited in 
scope, will call for collaboration with the Principle 
Investigators (PIs) of  FORCAST and GREAT.  Routine 
observations will begin in 2011.  A first call to the 
astronomical community for proposals for a fifteen flight 
Early Basic Science (EBS) Program will occur on April 19, 
2010, with proposals due on July 2, 2010.  The ~ 15 flight 
EBS program will be executed during 2011.  The first call 
for General Investigator (GI) science proposals will occur in 
2011.   There will be future GI science calls at least every 12 
months.  The first GI flights will occur in 2012.  GI science 
flights conducted annually on a shared risk with the SI PI’s.   
There will be additional GO flight opportunities with Facility 
Instruments. The annual flight rate will ramp up to at least 
100 8-10 hour flight by 2014.  SOFIA’s   

X. INSTRUMENTATION DEVELOPMENT PROGRAM 

 
With observing flexibility and the ability to deploy new and 
updated instruments, the observatory will make important 
contributions towards understanding a variety of 
astrophysical problems well into the 21st century.  The 
SOFIA instrumentation development program will include 
the development of new science instruments (both FSIs and 
PSIs), upgrades existing SIs, and studies of instruments and 
technology.   The second call for SOFIA science instruments 
is expected to be in 2011, and there will be additional calls 
for new instrumentation development every 3 years and the 

Project anticipates that there will be one new instrument or 
upgrade per year.  The approximate funding level for the 
new science instrument development program will be ~$10 
M/yr. 
 

XI. SELECTED EXAMPLE SCIENCE OPPORTUNITIES 

WITH SOFIA 

SOFIA science emphasizes four major themes: 1) The 
formation of stars and planets, 2) The Interstellar Medium 
(ISM) of the Milky Way,  3) galaxies and the  Galactic 
Center, and  4) planetary science.   Many of these studies 
involve objects that are hidden from view by dense layers of 
obscuring dust and gas.  Others are at very low temperatures.   
SOFIA, with its diverse complement of instruments, is 
uniquely suited to study cool and deeply embedded objects 
and to determine their role in the evolution of the universe.  
Below, we describe detail a selected sample of the science 
problems from these themes that we expect will be studied to 
advantage with SOFIA during the early years of its mission. 

A. Studies of Protoplanetary Disks 

Much of our understanding about the origin of the Solar 
System will be gained by studying circumstellar disks in 
which planets may be forming around young stars.  Such 
studies involve obtaining the spectral energy distributions 
(SEDs) and direct imagies at IR and submillimeter 
wavelengths.. SOFIA's spectrometers will provide data on 
circumstellar disks that will reveal their kinematics, 
composition, and evolution.  It is generally believed that 
water (H2O) plays a major role in the formation and early 
evolution of planetary systems. Water is the dominant 
reservoir of oxygen under nebular conditions so that water 
ice condensation will dominate the mass budget of newly-
formed planetesimals. It is thought that the cores of giant 
planets are formed beyond the ”snow line”: the boundary in 
a disk where the temperature falls below the 170K 
sublimation temperature of water ice[5].  Thus, the  origin 
and distribution of water in the inner proto-planetary disks is 
crucial to our understanding of the abundance of water on 
terrestrial planets in the habitable zones around stars.  While 
the spatial resolution of SOFIA will be limited, the resolved 
line profile provides, in combination with Kepler’s law, will 
yield the distribution of the water and other biogenic 
molecules in the emitting layers of the disk (see Figure 9). 
Observations of water lines in the 2.0 to 2.4µm window have 
revealed the power of such molecular line studies, but these 
are of course limited to very hot gas close to the protostar. 
The 6µm region, on the other hand, is sensitive to the warm 
gas in the terrestrial planet zone and near the snow line. We 
note that studies of the pure rotational lines (at submillimeter 
wavelengths) are hampered by either severe beam dilution or 
by telluric absorption.  The strength of the lines will provide 
direct measurements of the temperature and column density 
of water in these disks. 
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B. Star Formation and the Interstellar Medium of Galaxies 

The interstellar medium (ISM) plays a central role in the 
evolution of galaxies as both the birth site of new stars and 
the repository for old stellar ejecta as shown schematically in 
Figure 10. The formation of new stars slowly consumes the 
ISM, locking it up for millions to billions of years. As these 
stars age, the winds from low-mass, asymptotic giant branch 
stars (AGB) and high-mass, red supergiants (RSG), novae, 
and supernovae  inject  products of stellar and explosive  

 

 

Fig. 10  Chemical Evolution of the universe (after Gehrz 2008 [8] 

 
 

 
nucleosynthesis into the ISM, slowly increasing its 
metallicity. This constant recycling and the associated 
enrichment drives the evolution of a galaxy’s visible matter 
and changes its emission characteristics. To understand this 
recycling, we must  study the physical processes of the ISM, 
star formation, mass-loss from evolved stars, and the 
relationships of these processes on a Galactic scale. Dust and 
gas play a major role in these processes.  SOFIA with its 
wide wavelength coverage and high spectral resolution 
capabilities is destined to play a dominant role in this field. 
 

The 5-1000 µm spectral region accessible to SOFIA 
contains atomic forbidden lines, molecular ro-vibrational 
lines, and  dust emission features that are critical for 
understanding the physical  processes at work in regions of 
star formation.  A typical sample of these is sown in Figure 
11.  At the spectral resolutions available to SOFIA, these 
lines can be used to study the mineralogy of the dust, 
abundances of elements in the gas and dust, and the 
kinematics of the gas phase elements. 

C. The Interstellar Deuterium Abundance 

Deuterium in the universe was created in the Big Bang 
and the primordial deuterium abundance provides the best 
constraint on the mass density of baryons in the universe.  Its 
abundance provides strong constraints on the physical  

Fig.9. (left) A schematic diagram showing the location of the 
three phases of water as modified from van Boekel 2007 [6]. 
(lower left)  models of velocity-resolved lines in a disk.  The 
Doppler separation of the peaks gives the location within the 
disk of the chemical causing the line emission and are color 
coded to match the color in the schematic diagram of the disk 
(lower right) showing how lines can be used to determine 
the chemical structure of the disk (based on models by Kamp 

& Dullemond 2004)[7]. 
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Fig.11.  The spectral energy distribution of the entire LMC, based on data 
from Spitzer, IRAS and FIRAS [9]. SEDS are fitted with the dusty PDR 
model of Galliano et al. [10].  Spitzer has and Herschel will provide good 
photometric coverage of a galaxy’s spectral energy distribution (SED) over 
a portion of the wavelengths. SOFIA will provide excellent wavelength 
coverage and spectroscopic capability across the entire SED. In the future, 
JWST and ALMA will provide complementary wavelength coverage and 
work on nearby galaxies and the most distant Universe. Figure courtesy of 
Galliano. 

conditions during the first few minutes of the universe’s 
expansion. However, this record of the Big Bang has 
subsequently been modified by stellar nuclear burning as 
material has been cycled from stars to the interstellar 
medium and back to stars during the chemical evolution of 
the universe by the cycle of stellar evolution (see Figure 12).   
Deuterium is thus potentially a key element for probing the 
origin and evolution of the universe as well as the star  

 

Fig. 12.  Schematic representation of the atmospheric transmission around 

the 2.6 THz (112 "m)  HD line at 40,000 feet 

 
formation history of the universe.  As pointed out by Neufeld 
et al. [11], HD is a proxy for the cold molecular hydrogen 
component of the ISM in the Galaxy, and the distribution of  

 

Fig. 13.  (Right)  Nova explosions caused by thermonuclear runaways on 
the surfaces of white dwarfs accreting matter in close binary  systems lead 
to the production of Ne and O as shown the top and middle panels above in 
Spitzer Space Telescope IRS Short and Long-High Resolution Spectra.  
Abundances and kinematics (see lower panel) can be determined from the 
high spectra.  Data from NASA/JPL/Caltech/R. D. Gehrz 

deuterium in the Galaxy thus probes both stellar processing 
and the efficiency with which the debris of stellar evolution 
is mixed into the interstellar medium. HD has a much lower 
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excitation temperature than molecular hydrogen and a dipole 
moment that essentially compensates for the higher 
abundance of molecular hydrogen.  Measuring the amount of 
cold HD (T<50K) and therefore the deuterium abundance 
throughout our Galaxy can best be done by observing the 2.6 

THz (112 "m)"m ground state (1-0)  rotational transition 
line of deuterated molecular hydrogen (HD) at with SOFIA 
(Figure 9).   
 

The 112 micron line can also be observed at high spectral 
resolution (R>105 or <3km/s) with SOFIA’s GREAT 
spectrometer to determine the velocity structure across the 
Galaxy. 
 

D. Nucleosynthesis in Classical Nova Explosions 

The astrophysical thermonuclear runaways that produce 
classical nova explosions may play an important part in 
producing some of the isotopic anomalies that are present in 
the meteoritic and cometary debris that represent the remains 
of the primitive solar system [8].  Metal abundances in nova 
ejecta can be deduced from IR dust emission features and IR 
forbidden emission lines from highly ionized metals.  Recent 
IR observations with ground-based telescopes and the 
Spitzer Space Telescope (Figure 13) have shown that some 
recent novae ejected shells that were extremely 
overabundant in  CNO, Ne, Mg, Al, and Si.  These novae 
also produced every known type of astrophysical dust.  
SOFIA will be a superb platform for observing nova 
explosions on several counts.  First, its mobility will enable 
the timely monitoring of the temporal development of nova 
events.  This requires observational capabilities that cover all 
possible declinations and the capability of following events 
that develop on time-scales of days, weeks, and months. 

 
SOFIA’s ability to observe objects close to the sun by 

flying a path that places the sun below the horizon will 
enable a continuous record of the temporal development of 
such events to be recorded.  Second, the spectroscopic 
capabilities of SOFIA will enable the recording of many 

forbidden lines obscured by the atmosphere from ground-
base observatories and unavailable to the spectrometers of 
other space missions. 
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Abstract— Future high-angular resolution far-infrared 
interferometers and their possible implementation plans on high 
altitude sites such as Dome Fuji or Dome A in Antarctica is 
presented. Importance of observing far-infrared atomic fine-
structure lines is discussed referring to recent AKARI 
observations of a high mass star-forming region.  
 

I. INTRODUCTION 
Astronomy in terahertz frequency region is advancing 

rapidly owing to the development of detector technologies, 
large aperture telescopes on high mountains and cryogenic 
telescopes in space. Variety of astronomical sources is 
probed in this frequency range by molecular and atomic lines 
and dust continuum emissions. Those are also important 
probes of distant galaxies as well as the Sunyaev-Zel’dovich 
effects for distant galaxy cluster searches.  

In far-infrared region, Japanese satellite AKARI has made 
all sky survey in six bands [1]. A Fourier transform 
spectrometer was installed in the far-infrared surveyor 
(FTS/FIS) which made imaging spectroscopic observations 
[2]. Here, an observation of interstellar material around a 
massive star, Eta Carinae is presented as an example.  

To study more detail of the source distribution or observe 
distant objects, higher angular resolution observations by 
space-based far-infrared interferometer is needed, but this 
required technology developments of detectors and 
interferometers. In this paper I discuss on far-infrared 
interferometry from high altitude plateau in Antarctica. I will 
compare the performance of heterodyne and direct detector 
interferometers and show that direct detector interferometers 
can achieve wide-field and high angular resolution imaging.  

As an example of direct detector interferometry, 
experimental performance of a double input Martin-Puplett 
type interferometer that realized multiplying interferometer is 
reviewed in the last section.  

II. PROBES OF DISTANT UNIVERSE 
Here I’d like to summarize astronomical probes of distant 

universe. Following three components are important in 
millimetre, submillimeter and far-infrared astronomy. 

 
 Interstellar dust in starburst galaxies observed by 

thermal emission. 
 Hot plasma in galaxy clusters observed by Sunyaev-

Zel’dovich effects. 
 Photo-dissociation and ionized regions observed by 

atomic fine-structure lines. 
 

Firstly, high-redshift starburst galaxies are observed by 
wide field surveys. One example is millimetre-wave survey 
by AzTEC bolometer array on ASTE telescope toward 
AKARI deep field south [3]. Because of its large negative K-
correction, millimetre-wave observations selectively sampled 
galaxies at high redshifts.  

Secondly, Sunyaev-Zel’dovich effects have been a probe 
to measure the Hubble constant and also to identify thermal 
structure of the plasma [4]. Because Sunyaev-Zel’dovich 
effects are interaction of hot plasma with cosmic background 
radiation, the intensity does not decline as a function of 
redshift. 

Thirdly, far-infrared atomic forbidden emission lines play 
an important role as coolants of PDRs and HII regions. The 
emission could be probes of starburst activities of high-
redshift universe. But, we still do not understand into detail 
the physical conditions each atomic line probes, mostly due 
to the limited imaging capabilities and angular resolutions. 

The following figure illustrate the importance of observing 
in terahertz frequencies, where variety of emission can be 
observed as distortion of background or as foreground 
emission in Wien part of the cosmic background radiation in 
all the redshift range. This frequency region can be called as 
‘Terahertz Cosmic Window’ to the distant universe. 

 

 
Fig. 1  The Terahertz Cosmic Window.  

 

III. FIR LINES OF INTERESTS 
There are a number of far-infrared forbidden transition 

lines from ionized and neutral atomic species such as [OI] 63 
µm, 145 µm, [OIII] 52 µm, 88 µm, [NII] 122 µm, 205 µm 
and [CII] 158 µm. These lines are major coolants of photo-
dissociation and ionized regions [5]. To postulate importance 
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of atomic fine structure line, I present AKARI observation of 
interstellar material around one of the most massive star in 
our galaxy, Eta Carinae [6]. It is known that Eta Carinae is a 
binary with the primary Luminous Blue Variable with mass 
of about 100 M◉ and a companion of 30 M◉, both with violent 
mass loss activities [7]. Distance to the star is only 2.3 kpc 
and extinction toward the star and Carinae Nebula is small 
and detailed studies have been made by optical emission 
lines [8]. Studies of interstellar environments of the most 
massive stars in local universe are also linked to the 
understanding environments of massive stars in the early 
universe, Pop III stars. 

A. Observations with AKARI 
Seven pointed observation was made using FTS/FIS in 

2007. Observational details, data reduction and analysis is 
given in [6, 9]. Figure 1(a) and (b) shows the distribution of 
[CII] 158 µm and [OIII] 88 µm lines around Eta Carinae. 
Referring to the Hα emission in figure 1(c), west from Eta 
Carinae with ionized emission and molecular gas in front is 
called the Keyhole Nebula. The head of the Keyhole Nebula, 
with the arc-like emission that is aligned with the stellar wind 
axis, is thought to be related to the past activity of Eta 
Carinae [9].  

The [CII] emission seems to peak around the head of the 
Keyhole where ionized nitrogen line [NII] 122 µm is also 
observed. Toward the opposite side of the stellar wind axis to 
the south-east, [CII] emission is also observed. In this region 
there is no indication of ionized gas, but the area is where 
stellar wind interacts with molecular clouds. The apparent 
alignment of the [CII] emission peaks seems to indicate that 
it is related to the past stellar wind activities. The current 
mass loss rate of Eta Carinae is estimated to be 10-4 - 10-3 M◉

/yr with velocity of about 600 km/s. Assuming the same 
velocity it takes about 5000 year for the stellar wind to 
interact with the ionized region or molecular clouds, which 
are 3-5 pc away from Eta Carinae 

The [OIII] emission, on the other hand, has strong 
emission to the west of Eta Carinae. Intensity of the [OIII] 
emission is more than ten times stronger than [CII] emission 
peak at Keyhole and strong EUV ionization source is 
required to ionize oxygen with ionization potential of 35 eV. 
The strong [OIII] emission come from the edge of ionized arc 
and the clump 4 or the feature called defiant finger [10]. 
From analysis of optical emission lines, ionization sources of 
the region are thought to be W25 and O4 If-type star Tr16-
244 that are at the south-west corner of Hα image in figure 
2(c). Since critical density of [OIII] 88 µm is 5×102 cm-3,  it 
can be efficient coolant of low density ionized gas. 
Combination with [OIII] 52 µm emission with different 
critical density can be used to estimate density of the ionized 
gas.  

B. Requirements to Future Observations 
Far-infrared spectroscopic observations by AKARI 

FTS/FIS revealed some physical condition of interstellar 
material around a massive star, which shows variety of 
activities related to the stellar activities and highly ionizing 

UV flux within the region. To identify the physical condition 
and comparing with observation at other wavelength region, 
it is important to make higher angular resolution observations. 
Higher angular resolution observations by Herschel Space 
Observatory will provide more details of ionization and 
density structure.  

The Carina Nebula is the nearest high mass star-forming 
region where we can observe into detail. To conduct 
observation in other star-forming regions and also in nearby 
galaxies, still higher angular resolution observations are 
required. Space based far-infrared interferemetry will be the 
next step, but developments of detector and interferometer 
technologies are still on the way. In the next section I discuss 
what we can start in a short time scale to realize far-infrared 
interferometry on Antarctica Plateau. 

 

 

   

Fig. 2  Eta Carina and its surroundings observed by AKARI. (a) [CII] 158 µm, 
(b) [OIII] 88 µm, and (c) Hα image by Smith et al. (2002) as a reference to 
the Keyhole Nebula. Coordinates are R.A.-Dec, and scale is identical. 

(a) 

(b) 

(c) 
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IV. ANTARCTIC TERAHERTZ INTERFEROMETER 
Observing condition of terahertz frequencies in Antarctica, 

sensitivity requirements and realization method will be 
discussed. 

A. Atmospheric Transmission 
Since terahertz radiation is absorbed by water vapour, high 

altitude site and/or cold sites are preferred for astronomical 
observations in millimetre and submillimeter-waves, such as 
Hawaii, Atacama and South Pole in Antarctica. High plateaus 
in Antarctica, such as Dome A or Dome Fuji, will be the 
ultimate site for astronomical observations, and that are 
unique sites for terahertz astronomy from ground.  

Figure 3 shows calculated atmospheric transmission from 
high altitude site in Antarctica using ‘am’ program [11] 
assuming precipitable water vapour of 75 µm.  

 

 
Fig. 3  Atmospheric transmission calculated for 75 µm  precipitable water 
vapour from 4100 m altitude in Antarctica using ‘am’ program [11].  

Under this condition, some fine structure atomic lines can 
be observed through atmospheric windows at terahertz 
frequencies. [NII] 205 µm have been observed by the SPIFI 
instrument at South Pole [12]. Doubly ionized oxygen lines, 
[OIII] 52µm and 88 µm, could be observed with a 
transparency of better than 10% whereas [CII] 158 µm, [OI] 
145 µm and [NIII] 57 µm with lower transparencies from 
high plateau in Antarctica.  

B. Sensitivity of THz interferometers 
First I compare heterodyne and direct detector 

interferometry. For ground based observations, sensitivity of 
heterodyne and direct detector interferometry is almost 
identical if the observing system is background and quantum 
noise limited. However, under low background condition in 
millimetre-wave or at high frequencies more than a few THz 
direct detector observations can be more sensitive. In terms 
of observing bandwidth, atmospheric windows will limit 
observing bandwidth up to several 10 GHz.  

Heterodyne interferometry is a matured technology and 
many telescope apertures can be combined to make large 
arrays. On the other hand, direct detector interferometry is 
still under development and telescopes have to be optically 
connected and the number of antennas is limited.  

TABLE I 
SENSITIVITY OF TERAHERTZ INTERFEROMETERS 

 Direct detectors Heterodyne 
Aperture diameter 1 m 1 m 
Element number 2 10 
Base line 50 m 50 m 
Wavelength 200 µm 200 µm 
NEP/η or Tsys 10-15 W/Hz0.5 500 K 
Bandwidth 10 GHz 10 GHz 
Focal plane array 1000 1 
Synthesized beam 1 " 1 " 
Field of view 0.25 deg2 0.5 arcmin2 
NEFD 20 mJy (1σ, 12h) 10 mJy (1σ, 12h) 

 
The bandwidths can be wider for direct detectors and 

narrower for heterodyne detectors. For continuum study 
wider bandwidth is advantageous but background limited 
NEP will be degraded. For spectroscopic observations, 
heterodynes are advantageous for their high frequency 
resolution, but direct detector sensitivity also improves by 
limiting observing bandwidth.  

Field of view would be a large factor in favour of direct 
detector interferometry. Current technologies enable focal 
plan array of more than 1000 elements. Signals from the 
direct detector interferometers can be sampled relatively 
slowly, and data recording systems are not limiting factors. 
On the other hand heterodyne interferometer required fast 
sampling and processing is required that limit number of 
detectors, hence the observing field of view. 

C. Configuration 
Direct detector interferometry requires input aperture 

mirrors and a beam combiner. Simplest configuration will be 
like figure 4(a). Aperture mirror can be on a straight boom or 
on a round track as shown in the figure. Mirrors on the track 
reflect signal from astronomical sources to a beam combiner 
at the center. For installation in high plateau in Antarctica it 
is better to make the interferometer as simple as possible. All 
components except a round track can be compact with sizes 
of about 1 m. To make beam combiner compact, beam 
diameter at combiner should be decreased to about 100 mm, 
which should also accommodate with focal plane detector 
arrays. 

Figure 4(b) shows possible configurations of the four-
beam interferometer. One Martin-Puplett type beam 
combiner that uses wire grid can make interferograms from 
linearly polarized signal. Four beam combiners can make use 
of dual polarization beams from four input mirrors. For 
compensation of different optical path between two sets of 
mirrors, optical delay should be implemented that is 
schematically shown in figure 4(b) at the bottom.  

Since Martin-Puplett interferometer is polarizing 
interferometer, combination of polarizer angles gives 
measurements of different polarization state; parallel 
combination gives measurements of I and Q, orthogonal 
combination for U and V.  
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Fig. 4  Possible configurations of far-infrared interferometers. Top figure 
shows two-element interferometer on a round track. A beam combiner is at 
the center. Bottom figure shows four-element interferometer. There is 
additional delay line compensation optics.  

 

D. Technology developments 
There are two types of millimetre and submillimeter-wave 

bolometric interferometers under study. One uses a Fizeau 
type interferometer [13] and another used Michelson type 
interferometer [14, 15]. Here I review the performance of a 
Michelson type, especially the one using wiregrid as beam 
combiner, which is called as Martin-Puplett type 
interferometers.  

Martin-Puplett type Fourier transform spectrometers have 
been used for wide band measurements in millimetre and 
submillimeter-waves [16]. To measure spectra of sources, 
both input and output polarizers are used. Poloarity of output 
signal depends on the configuration of the input and output 
polarizers. By subtracting parallel configuration signal from 
that of orthogonal, DC component and common fluctuations 
are subtracted. This is very useful for two aperture 
interferometer, since this subtract all common fluctuation 
such as atmospheric fluctuation. This is the merit of 
multiplying type interferometer realized by Martin-Puplett 
type bolometric interferometers. Experimantal demonstration 
was made in [17, 18] by measuring interferogram of the 
moon in millimetre-wave. Figure 6 shows the measured 
interferogram and its Fourier transformation that clearly 

shows atmospheric fluctuation is subtracted by measuring 
two output ports of the Martin-Puplett interferometer.  

 
Fig. 5  Synthesized image of the sun by bolometric interferometer [17, 18]. 
Measurement was made with 5 cm aperture and 35 cm baseline, and 150-350 
GHz frequency range was used for image reconstruction. Ge composite 
bolometer at 1.5 K is used for observation. A: baseline coverage, B: 
synthesized beam, C: simulated image, D: synthesized image of the sun. 

 

 

 
Fig. 6  Demonstration of multiplying interferometer by observing the moon 
[17, 18]. Top figure shows interferograms at two output ports in black and 
blue, and subtracted interferogram in red. Bottom figure shows Fourier 
transformation of the interferograms. The output signal in red clearly shows 
that atmospheric fluctuation is cancelled. 

(a) 

(b) 

31



 

V. CONCLUSIONS 
Results on far-infrared observations of a massive star-

forming region by AKARI show a complex nature of 
interstellar material. For more detailed study of the region or 
observing massive star-forming region in nearby galaxies, 
higher angular resolution capability is required. 
Interferometry on a high plateau in Antarctica offers 
opportunities for high angular resolution observations in the 
far-infrared using either heterodyne or direct detectors. Direct 
detector interferometers can be more sensitive and achieve 
wider field of view than heterodyne system. Performance of a 
Martin-Puplett type double input interferometer was 
reviewed that can subtract common fluctuations of 
atmospheric emission.  
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Abstract— On Monday 3rd of August 2009 the Mission 

Operation Center (MOC) reported that Herschel-HIFI was 

found in an undocumented state since 22:43Z on August 2nd 

during otherwise nominal execution of a red-shifted C+ 

observation in band 7b. The instrument no longer responded to 

HK requests and commands for the LO subsystem and 

communication between the Instrument Control Unit (ICU) and 

the Local Oscillator Control Unit (LCU) had clearly been lost. 

At the same time the HEB mixer in band 7 had changed from a 

nominally pumped to a completely under-pumped state and the 

primary power consumption of the LCU had dropped from a 

nominal current of 2.5A to 0.36A only. 

In this paper we present the results of the HIFI OD-81 anomaly 

investigation from early symptoms to a fully consistent failure 

scenario offering an explanation for what most likely had 

happened in space. This paper summarizes the key findings 

obtained from a detailed telemetry analysis and timing 

reconstruction, electrical circuit simulations, laboratory tests on 

a representative hardware model and component level tests, as 

well as software code analysis and simulation. We conclude by a 

description of the identified recovery solution and the 

implementation of risk mitigation measures protecting the 

instrument during future operations. 

I. INTRODUCTION 

A. HIFI Block Diagram 

The Heterodyne Instrument for the Far-Infrared (HIFI)[1] 

on board of ESA’s cornerstone mission Herschel[2] launched 

on the 14
th

 of May 2009 is a high resolution spectrometer 

operating in the 480-1910 GHz frequency range. A schematic 

block diagram is shown in Fig. 1. The Instrument Control 

Unit (ICU) interfaces with the spacecraft bus and divides up 

the telecommands received from the spacecraft into unit level 

commands distributed over a serial interface and collects 

housekeeping from all units and science data from a High 

Resolution Spectrometer (HRS) and Wide Band 

Spectrometer (WBS). The spectrometers operate on two 

orthogonal polarizations H and V whose inputs are connected 

to the IF amplifier outputs of mixer units (SIS and HEB) 

where the astronomical signal has been down-converted to a 

4-8 GHz IF band. The Local Oscillator (LO) signal is 

generated in the Local Oscillator Unit (LOU) which is based 

on direct multiplication and power amplification of a Ka-

band synthesizer referred to as the Local oscillator Source 

Unit (LSU). The LO subsystem (LOU + LSU) is controlled 

via the Local oscillator Control Unit (LCU) providing the 

bias supplies for the LO hardware and secondary power to 

the LSU. 

 

Fig. 1  Schematic block diagram of HIFI illustrating the functional division 

between the Local Oscillator and Focal Plane Unit subsystems, the 

spectrometers and the control units. 

B. Local oscillator Control Unit (LCU) Breakdown 

The primary power to the LCU is supplied through the 

spacecraft Power Distribution Unit at a bus voltage of +28V. 

The prime and redundant circuits of the LCU as well as the 

ICU can be selected by a dedicated Latching Current Limiter 

(LCL) that connects the spacecraft bus to the desired unit and 

provides over-current protection from the spacecraft point of 

view. It is worth mentioning here that it is not possible to 

configure the instrument in a hybrid mode where prime and 

redundant units are in mixed use. Either all prime or all 

redundant units can be switched on. The redundancy of the 

FPU and spectrometers are implemented in the H and V 

polarization and do not have separate prime and redundant 

interfaces with the spacecraft. 

The LCU electronics contain four groups of DC/DC 

convertors generating all the necessary supply voltages for 

the digital electronics, bias circuits, relays, heaters, and 

secondary power circuits. The LCU contains a micro-

controller in which the LCU software runs and safety tables 

for LO tuning are maintained. A schematic block diagram is 
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shown in Fig. 2. In the upper left corner the spacecraft 

primary power interface is shown followed by a low-

frequency ripple filter which was added during spacecraft 

integration to reduce current ripple as a result of primary 

current oscillations between the LCL and LCU. Within the 

LCU the +28V is filtered and further distributed to four 

groups of DC/DC converters. One of those groups, consisting 

of convertors DCDC1, DCDC2, DCDCHRS1 and 

DCDCHRS2 is only powered when the LO is providing RF 

power. In standby mode these units are off reducing the 

overall power consumption of the unit. Mode transitions 

between nominal and standby can be controlled through a 

standby switch/relay. 

 

Fig. 2  Electrical block diagram of the Local oscillator Control Unit (LCU) 

showing the groups of DC/DC convertors. 

II. EVENT RECONSTRUCTION 

A. LCU Failure 2009-08-02 T22:43:00Z 

During DTCP (daily ground contact) of August 3rd 

(OD81) the LCU was found in an unknown mode 14 since 

2009-08-02 T22:43:00Z (Fig. 3 and 4). From that moment on 

no response from the LCU to periodic HK requests 

(0xEEEE) and commands was received anymore (See Fig. 

3). The LCU, LOU and LSU temperatures started to drop 

immediately. Spacecraft heaters were immediately switched 

on in an attempt to compensate the drop in temperature. The 

primary supply current dropped from 2.5A, corresponding to 

nominal operation of the LCU, to 0.36A from one to the next 

periodic HK reading, whereas the primary supply voltage 

remained constant all the time. The active band at the time of 

failure was band 7b tuned at a frequency of 1893.16 GHz in 

an on-the-fly mapping observing mode. 

 

Time HL_Mode_S HL_LCU_Status HL_checksum HL_17P5_V HL_S_17P5_V

-12 normal 10670 34380 17.9214072 17.95438484

-8 normal 10670 34380 17.9240355 17.94258956

-4 normal 10670 34380 17.9240355 17.94652132

0  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

4  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

8  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

12  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

HL_17P5_C HL_S_17P5_C HL_VS_5P_V HL_VS_15P_V HL_VS_15M_V HL_REF_2P5_V HRH_3P3_C HRV_3P3_C 

0.2973404 0.185086215 5.112370678 14.74865963 -14.70854488 2.494832301 2.31 2.28

0.2973404 0.185406537 5.112777795 14.74865963 -14.70736503 2.494832301 2.31 2.29

0.29725782 0.185406537 5.112370678 14.74865963 -14.70854488 2.495035554 2.31 2.28

 NaN  NaN  NaN  NaN  NaN  NaN 2.32 2.28

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

• Anomaly event at t = 0 (periodic HK every 4s)
• No LCU response: all HK reads 0xEEEE

• H/V mixers under-pumped
• HRS 3P3 currents drop slightly

Time HL_Mode_S HL_LCU_Status HL_checksum HL_17P5_V HL_S_17P5_V

-12 normal 10670 34380 17.9214072 17.95438484

-8 normal 10670 34380 17.9240355 17.94258956

-4 normal 10670 34380 17.9240355 17.94652132

0  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

4  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

8  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

12  <<INVALID TEXT CONVERSION FOR RAW VALUE 14>> 61166 61166  NaN  NaN

HL_17P5_C HL_S_17P5_C HL_VS_5P_V HL_VS_15P_V HL_VS_15M_V HL_REF_2P5_V HRH_3P3_C HRV_3P3_C 

0.2973404 0.185086215 5.112370678 14.74865963 -14.70854488 2.494832301 2.31 2.28

0.2973404 0.185406537 5.112777795 14.74865963 -14.70736503 2.494832301 2.31 2.29

0.29725782 0.185406537 5.112370678 14.74865963 -14.70854488 2.495035554 2.31 2.28

 NaN  NaN  NaN  NaN  NaN  NaN 2.32 2.28

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

 NaN  NaN  NaN  NaN  NaN  NaN 2.30 2.26

• Anomaly event at t = 0 (periodic HK every 4s)
• No LCU response: all HK reads 0xEEEE

• H/V mixers under-pumped
• HRS 3P3 currents drop slightly  

Fig. 3  No response from LCU to periodic HK requests 

 

 

Fig. 4  Graphical illustration of the event recorded on OD-81. In blue the 

primary current consumption is shown, whereas the LCU temperature profile 

is indicated in red. 

Inspection of the periodic LCU HK revealed that the LO 

power dropped from one to the next HK reading leaving the 

HEB mixer in an unpumped state (see Fig. 5). Prior to the 

event the conditions of the LO hardware as mimicked by the 

LCU HK were stable at the bit resolution level. The change 

occurred within one HK cycle of 4s. The drop in LO power 

was also confirmed by the HRS 3P3 current HK reading 

which is indicative of the IF power level of the mixer which 

in turn depends on the LO power received by the mixer. Just 

prior to the event the conditions at the LO hardware were 

completely stable (at the bit resolution level), reflected by 

very stable LCU analogue HK readings, primary supply 

current readings as well as HEB mixer and HRS 3P3 current 

HK readings. No action directed to the LO chain was going 

on at the time of the event. 

B. LCU Switch-off 2009-08-04 T15:20:00Z 

During DTCP of the 4th of August 2009 (OD83) the LCL 

for the LCU was opened removing the primary power from 

the unit. This was done in between the switching points of 

the thermal regulation cycle of the spacecraft. From the LCU 

and LSU temperature profiles with respect to time it was 

concluded that the dissipation of the LCU as well as the LSU 

had dropped. This was concluded on the basis of the changed 

temperature slope and duty cycle of the thermal regulation 

loop as shown in Fig. 6. When switching the LCU off the 

HRS 3P3 current increased from 2.2 to 2.6A yielding a 
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yellow flag for the HRS as can be seen in the upper plot of 

Fig. 6. In turn the HRS-H and –V were switched off as well. 

The increase of 3P3 current was assigned to the loss of the 10 

MHz reference signal supplied by the LSU. HIFI was hence 

left in a hybrid state with the all units powered except for the 

LCU, LSU and HRS. 

 

 

Fig. 5  HK traces illustrating the sudden drop of primary supply current (top-

middle) whereas the bus voltage remains unchanged (upper-left). The 

change of mixer current and IF power level was also detected by the HRS 

3P3 current HK (IF processor). In the right column the change of 

temperatures following the event can be seen. 

 

Fig. 6  Change of the HRS IF processor current consumption (3P3) and 

changed temperature profile of the LSU spacecraft panel when the LCU was 

switched off. 

C. HIFI Switch-off 2009-08-07 T15:15:00Z 

For spacecraft thermal management reasons it was finally 

decided to switch off HIFI entirely during DTCP of the 7th 

of August (OD86). The final LOU, LCU and LSU 

temperature levels showed to be consistent with the values 

observed during the initial switch-on of HIFI after launch on 

May 24th. 

D. Initial Evaluation LCU Power Consumption 

Using the refurbished QM model of the LCU (IMD-3) an 

initial evaluation of the power consumption of the electronic 

modules was made in order to explain the low primary power 

consumption of the LCU (0.36A in Fig. 4). The main 

conclusion was that only a failure in DC-DC convertor HRS-

4 in combination with a switched standby relay as shown in 

Fig. 2 would explain such low power consumption. All other 

combinations of single failures in DC-DC convertors would 

lead to higher power consumption than observed. Simulating 

a failure in HRS-4 in the lab setup and switching the LCU off 

and on again showed that the communication would be 

restored, analogue HK would be missing (zero readings, 

fixed raw values ADC) and a current below 0.4A would be 

drawn. 

E. HIFI Restart 2009-08-10 T15:30:00Z 

During DTCP of August 10th (OD89) a HIFI restart 

attempt was made. After closing the LCL for the LCU the 

primary supply current stabilized at 0.36A as shown in Fig. 

7. The 10 MHz reference supplied by the LSU re-appeared 

reflected by the expected drop in the HRS 3P3 currents. 

Communication was fully restored and the LCU was found in 

standby mode after the boot procedure. The LCU checksum 

was in agreement with the expected value for the firmware 

(0x8D04) loaded from the on-board PROM confirming the 

integrity of the LCU memory. The analogue HK values were 

zero with a fixed raw value of 0x4000 in agreement with a 

non-powered ADC.  

 

 

Fig. 7  HK charts centered on the HIFI restart attempt. In the left column 

“zero readings” of all analogue HK channels are shown. In the middle 

column the top plot the primary current consumption converges at 0.36A and 

the 10 MHz signal is provided again as shown by the 3P3 current profiles. In 

the right column the rising unit temperatures are shown. 

 

 

Fig. 8  HK table extract near the HIFI restart attempt. At t = -37s the HK is 

activated, but the unit is still off and no valid HK is available, at t = 0 the 

unit is switched on and after the boot procedure the correct firmware CRC is 

echoed at t=5. From t=6 the LCU responds to HK requests in standby mode 

and “zero” readings for the analogue HK are observed. During the boot 

procedure the 3P3 current of the HRS IF processor drops indicating the 

presence of the 10 MHz signal provided by the LSU. 

F. Timing reconstruction 

In addition to the periodic HK, collected every 4s, a number 

of specific HK readings from the LCU were made as part of 

the observing mode at the time of the failure. At the start of 
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each spectrometer integration a specific sequence of LCU 

commands and HK requests was sent to fill the start-frame 

packet of the science data. It was found that communication 

was lost before power was lost. At the start of each 

spectrometer integration the commands as shown in Fig. 9 

are sent to the LCU with 3ms separation in time. The 

moment where communication was lost could be confined to 

a time interval of 6 ms connected to the execution of a 

specific command (F30A CC7A) and following 

housekeeping request (B33A). From that moment in time the 

HEX pattern 0xEEEE was found in the data which is the 

default HK value substitution by the ICU for an uncompleted 

HK request. 

 

 

Fig. 8  Sequence of commands associated with a start science frame packet. 

It was found that in between execution of the command F30A CC7A and 

HK request B33A communication had been lost confining the moment of the 

event to a time interval of only 6 ms. 

 

Making use of the data collected by the HIFI 

spectrometers during the integration interval where loss of 

LO power took place it could furthermore be reconstructed 

that permanent loss of communication happened 1.6s before 

the LO power was lost. The observing mode consisted of 3s 

integrations: 3 times 1s integrations for the HRS and one 3s 

integration for the WBS. 

By considering the total power in an IF spectrum for A) a 

fully pumped mixer prior to the event, B) an integration 

during which drop of LO power occurred and C) a fully 

underpumped mixer after the event a linear interpolation 

scheme was used to reconstruct the time of the event relative 

to the start of the integration sequence (see Fig. 9). For the 

WBS as well as the HRS a consistent number of 1.58s was 

found. The validity of the method was verified by using the 

lab setup consisting of the QM/IMD-3 LCU unit, a so-called 

subsystem bus monitor which was used to monitor and 

trigger on traffic on the serial interface between the ICU and 

control units and a noise source connected to a fast switch. 

We therefore came to the important conclusion that the 

whole sequence of events connected to the LCU failure 

started with loss of communication and only 1.6s later with 

loss of LO power. This strongly suggested that loss of 

communication was not caused by a failure and reversed the 

intuitive order of cause and effect. 

 

 

 

Fig. 9  Raw HRS and WBS spectra corresponding to A) fully pumped mixer, 

B) integration during which failure occurred and C) completely 

underpumped mixer. 

 

G. Key Symptoms of the LCU Event 

Reconstruction of the LCU event showed that the failure 

scenario must be consistent with all of the following key 

symptoms: 

 

• After the event the LCU was found in a state with 

low power consumption drawing 0.36A primary 

supply current 

• After the event the LCU was found in a state where 

the standby relay had been switched 

• During the sequence of events eventually leading to 

the LCU failure communication was lost and only 

1.6s later the RF power was lost. 

 

III. HARDWARE INVESTIGATIONS 

 

A systematic Failure Mode and Effect Analysis (FMEA) 

was made on the basis of available electrical circuit 

diagrams. This FMEA focussed on the main effects 

summarized above in II.G. The FMEA included the effect of 

the LCU interfaces as well as environmental conditions 

(temperature, radiation). The failure of DC/DC convertor 

HRS-4 has been analysed in several ways: 

 

• Design inspection by DC/DC convertor experts 

from ESA (Ferdinando Tonicello) and JPL (Ted 

Fautz) 

• Part stress analysis by JPL supported by SRON 

• Circuit simulations by SRON 

 

The FMEA showed that there is a group of component 

failures that may cause the failure effect for DC/DC 

convertor HRS-4 as observed in the mission. This group of 

components contains all secondary rectifier diodes, an 

UC1825 PWM controller and some resistors and capacitors. 

Extensive testing was undertaken on the QM/IMD-3 unit 

in the lab to simulate the effect of these potential component 

failures and to determine the corresponding electrical 

conditions. Many partial failure scenarios starting with a 

component failure in DC/DC convertor HRS-4 have been 

considered but have all been rejected because: 

 

• Loss of communication could not be explained 

within hardware constraints 

36



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

• Loss of LO power would be rather immediate (<< 

1.6s) or precede the moment of loss of 

communication 

 

A scenario starting with a component failure was therefore 

considered not to be consistent with the observed behaviour 

and a component failure leading to failure of DC/DC 

convertor HRS-4 appeared to be a consequence and not the 

root cause of the anomaly. 

Design inspection by Ferdinando Tonicello and 

subsequent tests finally revealed that a group of diodes of 

type 1N5819 were subject to electrical conditions that 

exceeded their absolute maximum ratings . There are 16 

diodes in the HRS-4 DC/DC convertor and 4 in the DCDC2 

convertor. All these diodes are secondary rectifier diodes that 

were identified in the FMEA as possible causes of the failure 

effect as observed in the mission. No other components were 

found with any electrical or thermal stresses outside 

acceptable ranges. 

In Fig. 10 we show the secondary diode configuration. 

Diodes D1 and D2 are of type 1N5819. It was found that the 

leakage inductance of the transformer in series with the diode 

capacitance formed a resonant LC circuit resulting in a very 

short spike/overshoot every time the diodes switch from 

forward conduction to reverse operation. The 16 diodes in the 

HRS-4 converter are nominally subjected to reverse voltage 

peaks of ~54V, while their absolute maximum reverse 

voltage is specified as 45V. The duration of the voltage peaks 

is ~50 ns at a repetition rate of 65 kHz (0.3% duty cycle). 

 

Fig. 10 Reverse voltage overshoot across the 1N5819 secondary rectifier 

diode. 

 

The level of the peak voltage only depends on the input 

voltage of the HRS-4 converter. This voltage is usually 27V 

due to voltage loss across cables and LCU Ripple Filter. An 

overshoot on the HRS-4 input voltage occurs when the 

current drawn by the LO subsystem changes significantly 

(i.e. during mode transitions, band changes, etc). Generally 

these overshoots are about 2V (planned cases), only in case 

of a sudden transition from nominal to stand-by mode 

(unplanned) the overshoot can be as high as 4V. The voltage 

peaks across the diodes reach 58V or 62V respectively. 

Tests performed on a limited number of diodes showed an 

average reverse breakdown voltage of 59V, so it is likely that 

breakdown occurs during such changes in LO subsystem 

activity. Breakdown is considered as the primary cause for 

damage and ultimately failure of these diodes. 

For that reasons dedicated component level tests have been 

performed on representative flight quality devices (see Fig. 

11). An endurance test of over 2000 hrs with short repetitive 

reverse current pulses up to 1A avalanche current did not kill 

any Schottky diode. On the other hand tests on commercial 

diodes immediately killed one device at only moderate 

conditions whereas another could not be killed at all. All of 

this suggests a failure mode in which the reverse current 

finds a local destructive path in contrary to a global thermal 

breakdown of the entire junction. Evidence was furthermore 

found in literature that the failure mechanism is threshold 

driven and can be avoided by reverse energy screening of 

flight devices. 

 

 

Fig. 11 Repetitive pulsed-stress setup addressing failure mechanism of 

1N5819 diodes. 

 

IV. SOFTWARE INVESTIGATIONS 

 

In parallel of hardware investigation a thorough software 

investigation program was set up. The program concentrated 

on: 

• routines in the LCU software that invoke the 

standby relay 

• identification of program execution paths taking 

1.58s before switching the standby relay 

• possible ways to loose communication 

 

It was found that only a limited number of software routines 

actually invoke the standby relay: 

 

• in the start procedure (software reset) which is 

initiated when: 

overshoot 
in reverse 
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o the LCU is powered on 

o executing a reset command from the ICU 

o returning from an undervoltage protection 

(emergency shutdown) interrupt service 

• in the undervoltage protection (emergency 

shutdown) interrupt service 

• in the procedure of executing the standby command 

from the ICU (standby transition) 

• in diagnostic testing procedures still present in the 

program memory but not being used 

 

Regarding the delay between loss of communication and 

LO power it was identified that only the start procedure takes 

considerable execution time and could add significantly to 

the 1.6s delay observed during the mission. This procedure 

takes about 1.2 to 1.3s during which the LCU firmware in the 

PROM is copied into RAM and the standby relay is switched 

in the end as a final initialization step. 

 

Regarding the loss of communication many analyses and 

tests have been executed trying to simulate permanent loss of 

communication. Only in two cases permanent loss of 

communication was demonstrated: 

 

• When the 28V voltage is interrupted (removed) 

internally for a specific duration such that the 

system restarts. This is however not compatible with 

the observed 1.6s delay as the undervoltage 

protection interrupt service would have acted 

immediately removing the LO power with virtually 

with zero delay. Moreover the LCL would have 

tripped in view of the required duration. 

• When the program makes an unexpected “jump to 

zero”. If program execution somehow jumps to 

address zero, the start procedure is being executed, 

which leads to a switch of the standby relay after 1.2 

to 1.3s, but in this case also to permanent loss of 

communication. 

 

During the confined time interval where loss of 

communication was observed either a command was being 

handled or a HK request was being executed. A detailed 

analysis of the code and subroutines executed as part of 

handling the command (F30A CC7A) and the HK request 

(B33A) was made. In the code related to handling the 

command a memory area was identified whose corruption 

could have lead to an unexpected jump in the program 

eventually leading to a jump to address zero. Single bit-flips 

in that memory were simulated by patching the LCU 

software and executing the command and HK request 

sequence. Of order 40 bitflips out of 800 tested cases could 

lead to the observed sequence of permanent loss of 

communication and a standby relay switch after more than 

one second (1.3-1.6s). The statistics also showed that in 5 

individual bit-flip cases both the observed sequence as well 

as the 1.6s delay could be reproduced. 

A Single Event Upset (SEU) analysis confirmed that the 

SEU rate for the memory chip used is approximately once 

per 5 days. The probability that a SEU causes the observed  

behaviour ranges from once per year to once per 90 years 

(and even once per 700 years when the delay of 1.6s is 

exactly to be reproduced). 

 

V. PROPOSED FAILURE SCENARIO 

 

Putting all investigation results together we found only one 

consistent scenario that could explain the full sequence of 

events as observed on OD-81: 

 

• A single event upset corrupted the memory at the 

location of the program code of a particular 

command or HK request. 

• This bit-flip caused loss of communication when 

that specific code was called as part of a scientific 

integration sequence. 

• Eventually the processor resumed program 

execution at address 0 where the start procedure was 

activated 

• After 1.6s the standby relay was switched 

• The corresponding load transient caused a voltage 

overshoot on the 28V bus. 

• In the presence of the intrinsic pulsed-stress 

condition on the secondary rectifier diodes, this 

overshoot became fatal for one of the devices taking 

DC/DC HRS-4 down. 

• The whole sequence of events left the unit in 

standby mode, with permanent loss of 

communication and low primary current 

consumption of 0.36A. 

 

VI. RISK MITIGATION MEASURES AND FUTURE OPERATIONS 

 

Since further use of the HIFI prime units appeared 

pointless it was recommended to continue preparations for 

switching on and using the redundant units of HIFI. Before 

this could be done the following risk mitigation measures had 

to be taken in order to avoid a repetition of a similar 

component failure: 

 

• Reduce load steps, avoid significant and 

unnecessary primary current transients associated 

with instrument mode transitions by changing the 

operational procedures and a modified LCU state 

definition 

• Avoid a cold start of the LCU, operate the unit 

between 10 and 30ºC to keep the stress on the 

rectifier diodes within tested ranges 

• Disable the LCU program code that can switch the 

standby relay after execution of the boot procedure 

• Perform explicit and regular checksum calculations 

after each observation verifying the integrity of the 

LCU memory in order to timely capture a SEU. 

Abort operations when a corruption is detected. 
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At the time of reporting and after implementation and 

verification of modified operational procedures, HIFI 

redundant has meanwhile been successfully switched on 

again. See the paper by Teyssier et al in the proceedings of 

this conference[3]. Current work involves refinement of 

(autonomous) recovery procedures reducing the loss of 

observing time in case of future SEU’s. 
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Abstract— The Herschel Space Observatory was successfully 
launched on the 14th of May, 2009, lifting into space the 
Heterodyne Instrument for the Far-Infrared (HIFI). After the 
standard early orbit operations on the Space-craft, the 
instrument was switched on for the first time on the 24th of May, 
kicking off an instrument Commissioning period of more than a 
month and a half. We present here the outcome of this 
Commissioning campaign, including the measured in-flight 
performance of the instrument. Among the challenges 
encountered during this period was the need to optimize the 
stability of the signal provided by the Local Oscillator (LO) 
chains in some of the frequency bands, in particular that 
covering the singly Ionized Carbon (C+) line at the upper edge 
of the HIFI range, and one of the backbones of the science 
program of the instrument. The same concept also allowed 
significant improvements in the upper end of the 3b LO chain. 
Another noticeable achievement was the very good co-alignment 
measured between the mixer beams in the respective H and V 
polarizations offered by HIFI, allowing for more than a simple 
build-in redundancy, as the observing efficiency will really 
benefits from the combination of the two mixers. 

I. INTRODUCTION 
Herschel [1] is the fourth ‘cornerstone’ mission in the ESA 

science programme. With a 3.5 m Cassegrain telescope it 
became on the 14th of May 2009 the largest space telescope 
ever launched. It allows photometry and spectroscopy 
observations in approximately the 55-672 µm range, bridging 
the gap between earlier infrared space missions and ground-
based facilities. Aboard Herschel, the Heterodyne Instrument 
for the Far-Infrared (HIFI [2]) offers very high-resolution (up 
to R>107) spectroscopy with a continuous coverage between 
488 and 1272 GHz (SIS mixers), and 1430 and 1902 GHz 

(HEB mixers), as well as a simultaneous coverage of up to 4 
GHz with its two backend spectrometers (an Acousto-Optic 
Spectrometer, and a Digital Auto-correlation Spectrometer). 

HIFI is suitable for investigating interstellar gas, for 
example in star-forming areas and in the gas expelled by 
dying stars. In the far-infrared and the submillimetre areas 
where HIFI is working, a wide range of molecules absorb 
radiation, including water. HIFI is suitable for capturing this 
radiation and can unravel it into a spectrum in which the 
characteristic fingerprints of all the different molecules can 
be seen. This instrument can be used to determine exactly 
what the gases are composed of and the temperature and 
pressure they are at. Furthermore, HIFI is highly suitable for 
measuring the speed of gas. 

In this paper, we present the early phases of the HIFI 
operations that focussed on the Commissioning of the 
instrument, and the assessment of its performances. 

II. THE HIFI COMMISSIONING CAMPAIGN 

A. The Early Mission Phases 
Immediately after its successful launch on the 14th of May 

2009, Herschel entered the so-called Launch and Early 
Operation Phase (LEOP) during which most of the 
Spacecraft functionalities are verified. HIFI was switched on 
exactly 10 days after the launch, and started a 
Commissioning Phase which, shared with the other two 
instruments on-board Herschel (PACS and SPIRE), took 
about almost two months. About 440 hours of instrument 
data were collected during this phase.  
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The Commissioning Phase was immediately followed by a 
Performance Verification (PV) Phase, which concentrated on 
the validation of the various observing modes. This campaign 
was unexpectedly interrupted on August 2nd by a fatal failure 
of one of the warm electronic units controlling the Local 
Oscillator (LCU). We refer to [3] for more details about the 
mechanisms that lead to the loss of this unit. It took about 5 
months of deep laboratory investigations, and preparation of 
an alternative operation scheme, before HIFI was started 
again on the 10th of January 2010, using its redundant 
electronics. A short regression-Commissioning campaign 
was performed, which confirmed the perfect health of the 
newly started instrument. As of today, HIFI is working 
nominally and the operation scheme designed to recover 
from similar upsets as the one that occurred on the Prime 
LCU has proven to be fully adequate. 

B. The HIFI Commissioning Phase 
The Commissioning campaign was broken down in the 

following way: 
• Instrument functional and health checks: those tests 

were done immediately after the instrument power-on, 
and were dedicated to checking that all units had 
survived the launch. Of particular importance were the 
functional checks of the mechanical components of 
HIFI, namely the Martin-Pupplett assemblies used in 
the diplexer bands, and the internal chopper, which 
allows to observe various lines-of-sight on the sky at a 
fast rate, but also to couple the mixer beams to the 
internal calibration loads. Those activities were run in 
real-time contact with the instrument, from the 
European Space Operation Centre (ESOC) located in 
Darmstadt, Germany. The rest of the operations was run 
off-line, based on time-tagged sequences of tele-
commands uploaded on-board on a daily basis. 

• Instrument characterisation: those measurements 
focussed on the characterisation of the instrument 
operation settings for optimum heterodyne performance 
(IF chain settings, mirror and diplexer settings, LO 
power tables, etc). 

• Instrument performances: those measurements 
focussed on the parameters defining the figures of merit 
of HIFI as a heterodyne system (sensitivity, stability, 
standing waves, direct detection, etc). Those numbers 
are presented in the following section. 

• Instrument Astronomical Observing Template 
(AOT) pre-validation: although the bulk of the 
observing mode validation was encompassed in the PV 
campaign, a subset of the so-called Astronomical 
Observing Templates (AOT) was needed in order to 
map the loci of the instrument apertures with respect to 
the Spacecraft pointing unit (i.e. the star trackers).  

• Focal Place Geometry (FPG): those measurements are 
necessary in order to relay the HIFI beam positions on 
the Herschel Focal Plane to the position of the 
Spacecraft boresight, and eventually derive all 
alignment parameters needed to adequately point on 
astronomical sources. These measurements offered 
HIFI its first-light spectra (Fig. 1). 

 

Fig. 1 One of HIFI first-light measurements in one of the polarization 
channels connected to the Wide-Band Spectrometer (WBS). The intensity 
scale in not fully calibrated in this plot. 

III. INSTRUMENT IN-FLIGHT PERFORMANCES 

A. Instrument sensitivity 
The HIFI sensitivity was assessed using the standard Y-

factor technique, measured towards the two internal loads 
with respective physical temperatures of 100 K (Hot load) 
and 10 K (Cold load). Because of the absence of atmosphere, 
and thanks to a telescope forward efficiency near to unity, the 
receiver noise temperatures obtained in this fashion offer 
sensitivity figures very close to the system noise temperature. 
Fig. 2 summarizes the distribution of the DSB receiver noise 
temperatures as measured over the full HIFI tuning range. 

All mixers offer state-of-the-start sensitivity, in line with 
the performances reported by the various mixer groups at the 
time of delivery to the PI institute. While the SIS bands 
feature some variations over their operating ranges, the HEB 
mixers show a relatively flat noise distribution over almost 
500 GHz of frequency coverage. There is some LO power 
shortage observed at isolated frequencies, but the bulk of the 
targeted range has been achieved. 

 
Fig. 2 HIFI Double-Side-Band receiver noise temperatures, together with an 
indication of what institute manufactured and provided the corresponding 
mixers. Also shown are the temperatures as measured 10 years before 
launch, as well as the baseline values at the time of the instrument proposal. 

B. Instrument stability 
The instrument stability performance was measured using 

the Allan variance technique (e.g. [4]). This is a standard 
technique to characterise the stability of spectroscopic 
instruments used in astronomical observations. In particular, 
the period for switching between source and reference 
measurement is often derived from the Allan minimum time. 
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We used the unified Allan variance computation scheme 
proposed by [5], which allows to trace total-power and 
spectroscopic fluctuations within the same framework. This 
definition of the instrument stability time allows to 
characterise the instrument even in the case of a fluctuation 
spectrum shallower than 1/ f, as measured for the total power 
fluctuations in high-electron-mobility transistors. 

In order to map all switching cycles involved in the HIFI 
observing modes, the following Allan times were mapped 
across the HIFI tuning range: 

• Total power Allan times 
• Spectroscopic (or System) Allan times 
• Differential Allan times for i) measurements 

between the two internal loads, ii) measurements 
between two positions on the sky (in use in the 
so-called Double-Beam-Switching (DBS) mode), 
iii) measurements between the sky and the 
internal cold load (in use in the so-called Load-
Chop mode), and iv) measurements taken in 
Frequency-Switching (FSW) mode  

Because of the long durations needed for those 
measurements (at least twice the expected Allan time), the 
number of frequency points sampled for a given mixer band 
remains limited, so that isolated stability degradations are 
difficult to fully cover. In general, it is observed that gain 
fluctuations represent the main cause of instrumental 
instabilities, leading to large differences between the stability 
times relevant for measurements aiming at an accurate 
determination of the continuum level and for purely 
spectroscopic measurements. Fast switching loops (using the 
internal chopper – up to 4 Hz) are needed for a reliable 
determination of the continuum level, while most 
spectroscopic measurements can be set up in such a way that 
baseline residuals due to spectroscopic drifts are at a lower 
level than the radiometric noise.  

Total power Allan times are found to be of the order of 10-
30s at a resolution of 1 MHz, although in some areas of the 
HEB bands, they can be less than 2-3s. In bands using 
diplexers for the LO injection, a degradation is observed at 
both ends of the IF, due to a higher contribution from the LO 
excess noise. Spectroscopic Allan times are in the range 60-
400s at the best location of the IF, and usually 3-4 times 
worse when considering the whole IF. Finally, differential 
Allan times are in most of the cases longer than the 
measurement times (1800s) setting a lower limit on the real 
figure. There are some exceptions to this when using the 
FSW referencing scheme, especially in HEB bands. 

C. Standing Waves 
Standing waves are one of the main artefacts that can 

result from gain drifts as they generally arise from the non-
cancellation of the band-pass power modulation when 
combining the on-source and references phases of an 
astronomical measurement. Those power modulations can 
take place between optics (e.g. between horns, loads, mirrors, 
or combinations of those latter) or within electronics (e.g. 
impedance mismatch). See also [6]. 

For HIFI, as on most radio-telescopes, the main optical 
paths susceptible to give rise to noticeable standing wave 
systems are: 
1)  Between the mixer horn and the secondary mirror: the 
measurements have shown that this standing wave is hardly 
seen in any of the HIFI spectra – it was only detected to a 
very low level in dedicated measurements done in the band 
with the largest beam. This positive effect is very likely due 
to the presence of a dedicated scatter cone added in the centre 
of the Herschel secondary mirror (see Fig. 3). 

 

 
Fig. 3 Left: simple sketch depicting the shape of the scatter cone 
implemented on the Herschel secondary mirror. Right: picture of the 
Herschel secondary mirror, with its scatter cone. The location of the cone is 
indicated by the square in the centre. 

2)  Between the mixer horn and the internal loads: despite of 
the absorption coating (~ -45 dB) covering the internal Hot 
and Cold loads, residual standing waves can be seen 
especially when observing strong continuum sources. This 
standing wave, of period around 100 MHz, is however 
relatively well behaved and can usually be removed with 
standard sine-wave fitting at data-processing level 
3)  Between the mixer horn and LO horn: although this 
standing wave does not show up directly on the spectral 
baseline, it provokes a modulation of the LO power feeding 
the mixer and can affect in a similar fashion the side-band 
gain ratio of DSB measurements. Its characteristics can be 
measured by sweeping the LO frequency with a fine 
granularity and measure the variation of the mixer current (a 
direct measure of the LO pumping power). Such a 
measurement is illustrated in Fig. 4. 
4)  Between the mixer horn and the edge of some of the roof-
top mirrors in the band using diplexers, giving rise to a weak 
ripple of period around 650 MHz. 

On top of those, an electrical standing wave is generated in 
the HEB bands, most likely because of the absence of 
isolators between the mixer and the low noise amplifier. 
Unlike the optical standing wave, this ripple cannot be 
described as a simple sine wave. It appears with a main 
period of about 320 MHz, but its structure shows more 
skewed wave morphology, together with a period 
modulation. The amplitude of this standing wave scales with 
the difference in mixer currents between two observing 
phases (impedance mismatch), and can therefore be worse 
for FSW observations. A full description of this effect, and 
its possible cures, has been presented in [7]. 
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Fig. 4 Example of a measurement of the LO power modulation due to 
standing waves between mixer and LO horns. 

D. Spectral purity 
There are several frequencies in HIFI where the local 

oscillator has been shown to produce more than one 
frequency, leading to the presence of potential lines at 
unknown and possibly unstable frequencies. Those impurities 
are believed to be due to oscillations in the first, and 
sometimes, second stage multipliers of the Local Oscillator.  

1)  Oscillation theory 
All multipliers that use a capacitor to terminate the bias 

port at the RF frequencies can oscillate if the RLC of the 
capacitor and attaching lead and its phase shift are a sub-
harmonic of the input frequency.  Simplistically this is an 
analog of the famous mechanical problem of small pendulum 
forcing a large pendulum. It will work very well if the 
frequency of the large pendulum is a sub harmonic of the 
small one. 

The RF works as a charge pump for the RLC circuit. The 
amount of charge pumped depends on the bias point with 
bias closer to zero generally producing more current.  This 
would be a monotonic function if the input match of the 
multiplier were independent of bias, however the input match 
degrades away from the optimal bias condition so there is 
often a peak in the RF pumped IV curve. The bias circuit 
oscillation has the effect of moving the bias point at the 
oscillation frequency allowing for there to be substantial gain 
in the oscillation. Fig. 5 shows the IV curve of a 200 GHz 
doubler in oscillation and not in oscillation. Note that the IV 
curve has the same shape but is compressed in the oscillating 
case. 
2)  Purification of the LO signal 

The HIFI Local Oscillator chains were designed in order 
to leave a full control on the multiplier and gate bias settings. 
The following two options have been considered to purify the 
affected frequency areas: 

• force the multiplier to operate in a varactor mode 
with a sub-threshold level of rectified current.  
Ideally the mode would be pure varactor with zero 
current; however, due to non-ideality in the diodes 
this really never possible. Fortunately several of the 
doublers in use (e.g. band 7b) are varactors and were 

designed to have little current at its optimal bias 
point. A major concern to reverse biasing the 
multiplier is allowing the RF voltage swing to probe 
the reverse breakdown region. In this case it was 
known that the IV characteristics of the diode will 
change and this change will not be reversible. The 
HIFI design approach was to avoid all hints of 
reverse current and not take any chances with a 
degradation process that was poorly understood 

• force the multiplier to work in a varistor mode, i.e. 
well in the second hump of the IV curve (e.g. first 
stage multiplier in bands 5a/5b) 

 

 
Fig. 5 IV curve of oscillating and non-oscillating 200 GHz doubler 

E. Spurious Signals 
The LO multiplier oscillations can also give rise to free-

running spurious signals which will appear in the calibrated 
spectra as strong spikes and can in the worst case saturate all 
pixels of one spectrometer sub-band. 

While the weakest and narrowest spurs can usually be 
eliminated at data processing levels, some other spurs have 
been treated at the multiplier level by changing their bias 
settings. Fig. 6 shows the example of a strong spur in band 1a 
close to one very important water line, and how biasing the 
first multiplier more negative significantly helped in reducing 
the spur intensity. It is noted however that a compromise 
must often be found as such changes on the multiplier biases 
can reduced the available LO output power, and therefore 
jeopardize the mixer pumping. 

 

 
Fig. 6 Example of an LO spur removal by multiplier bias change in band 
1a at 551 GHz. Left: receiver noise temperature at the nominal bias, 
featuring a strong spur. Right: same with a more negative multiplier 
bias, showing the removal of the spurious signal. 
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IV. POINTING PROPERTIES 
The pointing performance offered by the instrument is the 

combination of two contributions. On the one hand, the 
capability of the Spacecraft to accurately stare at a targeted 
line-of-sight is fully driven by the performance of its star-
tracker system. On Herschel, the so-called Absolute Pointing 
Error (APE) was measured to be of the order of 2 arcsec on 
the sky, i.e. fully within the specifications. On the other hand, 
the capability of the instrument to get its beam well coupled 
to the targeted source depends on the accuracy with which 
the positions of its aperture are known with respect to the 
frame defined by the Star-tracker. Ensuring the latter is the 
purpose of the Focal Plane Geometry (FPG) measurements. 

A. HIFI FPG campaign 
The in-flight assessment of the HIFI aperture was highly 

relying on the very accurate measurements that had been 
performed on the ground during the Instrument-Level Test 
(ILT) campaign, see e.g. [8], [9]. During those 
measurements, the aperture positions were measured with 
respect to a reference (alignment cube) belonging to a 
common reference frame, but most importantly, the various 
bands were paired in clusters for which the relative 
positioning was measured with an accuracy better than 0.7 
arcsec on the sky. The results of this campaign are illustrated 
in Fig. 7. 

 

 
Fig. 7 Projection of the beam intensity distribution onto the HIFI pick-up 
mirror (M3) as measured during the Instrument-Level Tests. 

This legacy results allowed to starting the in-flight FPG 
measurements with only one aperture per cluster. The 
measurements were done in two steps: 

• A coarse mapping was performed over an area 
around the expected aperture location on the sky, 
allowing for mis-pointing margins. For this, a 
sampling slightly worse than a Nyquist sampling 
was used. Only one aperture per cluster was 
considered at the time 

• After correcting the offset measured from the coarse 
mapping, a finer mapping was repeated with a 
smaller sampling and extent. This time, all 7 
bands were measured. 

The typical map sizes and sampling for the above steps are 
illustrated on Fig. 8. Fig. 9 shows an example of such 
measurements on Saturn in bands 1 and 6. 

 Fig. 8 Illustration of the HIFI aperture positions on the sky, together with 
the footprints of the raster map pixels performed in the framework of the 
coarse (upper coverages) and fine (lower coverages) focal plane geometry 
measurement campaigns. 

  
Fig. 9 Example of Saturn measurements in band 1 (491 GHz) and 6 (1625 
GHz), used to determine the offsets of the corresponding HIFI apertures. 

B. Beam co-alignment 
HIFI offers for each receiver two polarisation channels 

that can be measured simultaneously. While they provide a 
hardware redundancy to cover contingency failures, they can 
also be combined to decrease the noise level achieved in 
spectral measurements by a factor √2. This assumes that both 
polarisations are looking at the same point on the sky. 
Because they correspond to two physically different mixers 
and their associated optics, the co-alignment of the respective 
apertures on the sky adds a potential error. 

The co-alignment was measured using the map 
information collected in the respective polarisation channels. 
The results are summarized in Table 1. The co-alignment is 
found to be very good, and in perfect agreement with what 
was measured pre-launch. However, in order to mitigate the 
global pointing error when combining the two polarisations, 
it was decided to not favour any of the channels and rather 
use an synthetic aperture located in the centre of the two 
polarisation beams. The resulting coupling losses in such an 
approach are limited, and listed in Table 1. 

 
TABLE I 

BEAM CO-ALIGNMENT RESULTS 

Band F 
(GHz) 

FWHM 
(“) 

∆HVILT in 
Y;Z (“) 

∆HVCoP 
in Y;Z (“) 

Coupling 
loss (%) 

1 480 44.3 -4.5;+1.5 -6.2;+2.2 0.8 
2 640 33.2 -4.3;-1.5 -4.4;-1.3 0.7 
3 800 26.6 -5.1;-4.3 -5.2;-3.5 1.9 
4 960 22.2 -1.5;-2.2 -1.2;-3.3 0.9 
5 1120 19.0 +1.5;+3.6 0.0;+2.8 0.8 
6 1410 15.2 +0.7;0.0 +0.7;+0.3 0.1 
7 1910 11.2 +0.7;-1.5 0.0;-1.0 0.2 
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C. Chopper angle calibration 

In one of HIFI’s most used observing modes (DBS), the 
internal chopper mirror is used to move the beam to a 
reference Off position on the sky within 3 arc minutes away 
from the On-target position. Since moving the internal mirror 
changes the light path for the incoming waves the possibility 
of residual standing waves exists. By slewing the telescope 
so that the source appears alternatively in both On and Off 
chopped positions, the impact of standing wave differences is 
eliminated to a first order. 

The whole scheme assumes that there is a perfect match 
between the distance on the sky involved between the two 
chopper positions, and the distance involved in the telescope 
slew. Since the FPG measurements have been taken in the 
DBS mode, it is possible to create two separate maps 
corresponding to each telescope position, and therefore 
derive any offset between the source positions in each 
coverage. This offset is used to recalibrate the exact telescope 
slew distance needed to match the intrinsic chopper angle on 
the sky. This is particularly important since there is some 
curvature involved when chopping away from the on-axis 
line-of-sight and this effect varies with the HIFI band. Fig. 10 
illustrates this result, showing an excellent agreement 
between measured and theoretical throws on the sky. 

V. CONCLUSIONS 
The HIFI in-flight Commissioning campaign has taken 

about 2 months and involved a team of more than 40 
scientists, with a short regression test period following the 
HIFI re-start after the LCU failure in August 2009. The 
instrument performances are similar or better than pre-
launch, meeting all top-level specifications The science data 
quality is very good, albeit more challenging in the higher 
frequency bands (HEBs), and data artifacts are similar to 
those encountered in other radio-telescopes on the ground. 
On-going efforts in the area of spectral purity is made 
possible by a system design flexible enough to allow the last-
fine tunings in space. 

 

 
Fig. 10 Chopper throw distances on the sky. Upper curves: theoretical 
(diamonds) and measured (squares) distances for a so-called half-throw, i.e. 
a chopper throw between the secondary (M2) centre and one of the borders 
of M2. Lower curves: theoretical (triangles) and measured (crosses) 
distances for a so-called full-throw, i.e. a chopper throw between the two 
opposite borders of M2. 
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Abstract— The Stratospheric TeraHertz Observatory (STO) is a 

NASA funded, Long Duration Balloon (LDB) experiment 

designed to address a key problem in modern astrophysics: 

understanding the Life Cycle of the Interstellar Medium (ISM). 

STO will survey a section of the Galactic plane in the dominant 

interstellar cooling line [C II] (1.9 THz) and the important star 

formation tracer [N II] (1.46 THz) at ~1 arc minute angular 

resolution, sufficient to spatially resolve atomic, ionic and 

molecular clouds at 10 kpc. STO itself has three main 

components; 1) an 80 cm optical telescope, 2) a THz instrument 

package, and 3) a gondola [1]. Both the telescope and gondola 

have flown on previous experiments [2,3]. They have been re-

optimized for the current mission. The science flight receiver 

package will contain four [CII] and four [NII] HEB mixers, 

each with its own digital spectrometer. The first engineering test 

flight of STO was from Ft. Sumner, NM on October 15, 2009. 

Test flight instrumentation was used to evaluate STO’s ability to 

point and track using gyroscopes/star cameras with a load-

varying, cryogenic system onboard. The science flight receiver 

electronics and control system were also tested. 

 

I. INTRODUCTION 

STO is a Long Duration Balloon (LDB) experiment designed 

to address a key problem in modern astrophysics: 

understanding the Life Cycle of the Interstellar Medium 

(ISM). During its upcoming science flight STO will survey a 

section of the Galactic plane in the dominant interstellar 

cooling line [C II] (158 m) and the important star formation 

tracer [N II] (205 m) at 1 arcminute angular resolution, 

sufficient to spatially resolve atomic, ionic and molecular 

clouds at 10 kpc. The goals for the survey are to: 

 

[1] Determine the life cycle of Galactic interstellar gas. 

[2] Study the creation and disruption of star-forming 

clouds in the Galaxy. 

[3] Determine the parameters that affect the star 

formation rate in the galaxy. 

[4] Provide templates for star formation and 

stellar/interstellar feedback in other galaxies 

 

On Oct. 15, 2009 STO had its test flight from Ft. Sumner, 

NM. During its 12 hours at float altitude (~126,000 ft.)  key 

components of STO were tested to help ensure the system 

would meet the objectives of the upcoming science flight. 

STO consists of 3 major components; a gondola, an 80 cm 

telescope, and a THz heterodyne receiver system. The 

gondola and telescope have been refurbished from the 

successful Flare Genesis Experiment. The gondola was 

upgraded by APL to use 3 gyroscopes for inertial guidance 

and an optical tracker for absolute pointing.  The telescope 

was light-weighted and its primary and secondary mirrors re-

aluminized. A room temperature receiver system and a 

cryostat  were constructed and flown on the test flight.  A 

computer-controlled, sliding weight was added to 

dynamically compensate for cryogen evaporation during 

flight. 

 

2.  TEST FLIGHT INSTRUMENT  

 
The STO flight from New Mexico was designed to provide a 

complete and faithful test of the full Antarctic gondola, 

telescope, and key elements of the science instrumentation.   
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Antarctic ready versions of the telescope/gondola systems, 

instrument electronics, computing, control, and data storage 

systems were flown.  To faithfully characterize the 

performance of the telescope drives and pointing system, the 

test flight instrument was designed with the same CG and 

weight as the full Antarctica flight instrument.  The STO test 

flight carried a test cryostat and an un-cooled Schottky 

receiver. The receiver was used to point on the 
13

CO J=3-2 

line. The dewar was used to test the ability of a sliding 

weight to compensate for the loss of cryogens during flight. 

  

Figure 1 shows the STO telescope and instrument package as 

it was configured for the test flight. The instrument flight 

system as deployed contained the following subsystems: 

 

 

                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 an optics box containing relay optics for the 

330 GHz receiver and actuators to direct the 

telescope beam into calibration loads.  

 an electronics box containing the instrument 

control computer, bias electronics for the 

Schottky and future HEB receivers, 

housekeeping temperature monitors, analog 

multiplexers, and solid state relays for 

calibration actuators. 

 a RF box containing the LO drive synthesizers, 

amplifiers for the HEB mixers, and a 

downconverter for the Schottky mixer receiver. 

 a 330 GHz Schottky mixer receiver from JPL, 

kept at ambient temperature and pressure. 

 a 4K dewar, the nitrogen and helium cryogenic 

vessels were pressure-regulated to 

approximately sea level pressure, to maintain a 

helium bath temperature of 4.2K.  

 A pressure vessel containing the FFT 

spectrometer, data control computer, and Cisco 

router to isolate the instrument network traffic 

from the gondola.  Figure 2 shows the pressure 

vessel contents just before they were sealed and 

installed onto the gondola mezzanine level.  

 
Figure 3 depicts the subsystem contents in a block diagram.   

 

End-to-end testing of the complete system was performed on 

the ground using the ambient temperature Schottky receiver. 

A 330 GHz test tone was emitted by an outdoor transmitter 

through the telescope and instrument optics (Figure 4). 

 
 

 

 

 

 

 

Figure 1: STO test-flight telescope and instrument package configuration, as conceptualized (left) and 

being integrated at Fort Sumner in early October, 2009 (right). 

Figure 2: Pressure vessel containing the data 

acquisition and control computer, solid state 

storage, network router, and Omnisys FFT 

spectrometer.   
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Figure 4:   (Left) End-to-end testing of the entire STO instrument using the ambient temperature Schottky receiver 

and a 330 GHz test transmitter placed ~50m away from the telescope.  (Right) Spectrum analyzer view of the 

Schottky receiver IF, showing the test transmitter tone passing through all telescope and instrument optics and 

downconverted and amplified by the IF processor.  This test represented the final “go” for launch.  

 

Figure 3: Detailed block 

diagram of the 

instrument control 

electronics and their 

location on the gondola.  
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3.0 TEST FLIGHT RESULTS 

 
STO was uneventfully launched at 10:03 AM MDT on 15 

October, 2009 from the NASA facility at Fort Sumner, New 

Mexico under excellent launch conditions (Figure 5).  

 

The primary results from the test flight were: 

1) The gyros performed well, allowing the 

telescope/gondola to track at the 5 arcsecond level (rms) 

after settling from a slew or a momentum transfer.  

2) The star tracker demonstrated it can provide absolute 

pointing knowledge that meets mission requirements.  

3) The sliding weight successfully controlled the telescope 

CG during all phases of flight. 

4) The room temperature receiver, instrument control 

electronics, IF processor, and spectrometer performed 

well throughout the flight. 

5) Control of the telescope, gondola, and instrument was 

maintained throughout the flight. 

6) As an end-to-end test of the system, a 
13

CO J=3-2 

spectrum of the Orion molecular cloud was obtained by 

STO at float altitude (see Figure 6).  

4.0 FUTURE PLANS 

 

STO is scheduled to have its first LDB science flight from 

McMurdo, Antarctic in December 2011. For the science 

flight STO will employ a long (~28 day) hold time cryostat 

built by Ball Aerospace. STO’s four 1.9THz and four 

1.45THz HEB mixers and their L-band IF amplifiers will 

reside in an insert thermally strapped to the Ball cryostat’s 

helium vessel. Optical and electrical connections to the mixer 

arrays will be made through the insert. The solid-state local 

oscillators and associated Fabre-Perot diplexer will reside in 

an ambient temperature optics box bolted to the top of the 

cryostat. The optics box will also contain reimaging mirrors 

and a calibrated black body load. There will be eight, 1GHz 

wide FFT spectrometers in the pressure vessel to process the 

IF signals.  

 

 

 
 

 
 

 

 Figure 5:   (Left) Balloon inflation is nearly complete at 9:50 AM on 15 October.  (Center) STO launches at 10:03 

AM, and reaches float altitude two hours later, hanging overhead (Right) for nearly the entire flight, and landing < 100 

miles away at 1:15 AM on 16 October.  

 

 
 
Figure 6: STO first-light spectral observation of the 

13
CO J=3-2 line toward Orion taken from float altitude.   
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Abstract 

We report on recent improvements of photomixing technology and the realization of a photonic local 
oscillator (LO) at 1.05 THz for the Atacama Pathfinder Experiment (APEX) radiotelescope in the Atacama 
desert, Chile. Experiments with state-of-the-art photomixers operated in a cryogenic environment demonstrate 
pumping of an astronomical heterodyne receiver at 1050 GHz with a superconductor-insulator-superconductor 
(SIS) mixer.  The system noise temperature of the heterodyne received was compared with that of the same 
system using a conventional solid-state LO, revealing similar noise temperatures. A self-made optical comb 
generator served as a relative frequency reference to which one laser was phase-locked. Under the phase lock 
condition, the 3 dB linewidth of the THz signal was below 3 KHz and could be continuously tuned within a 
range of 500 MHz -the overall tunability of the system was determined by the photomixer antenna resonance 
bandwith, which was roughly 200 GHz. We installed the laser system in the telescope pedestal, whose output, 
the frequency-stabilized laser signal, was fed into the photomixer though a 20 meters long single-mode fiber 
optic. 

In addition, preliminary results achieved with photomixers at 2.5 THz will be reported. The work on these 
devices is aimed for the implementation of a photonic LO in the GREAT instrument onboard of the 
Stratospheric Observatory for Infrared Astronomy (SOFIA 

Photonic local oscillators for terahertz radio 
astronomy  

Iván Cámara Mayorga*, Andreas Schmitz, Christian Leinz, Thomas Klein, Alfred Dewald† and Rolf Güsten 
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Abstract 

 

There is a demand for millimetre wave and sub-millimetre wave power sources to be used as local oscillators in 

heterodyne radiometers for remote sensing, atmospheric physics and radio astronomy. An ideal source for most 

of these applications should exhibit high output power, efficiency, large bandwidth and high thermal stability.  

 

We report here on the design and evaluation of high efficiency frequency doublers which provide useful power 

at millimetre and sub-millimetre wavelengths. The active device is a single GaAs chip consisting of a linear 

array of 4/6 planar schottky varactors which have been subsequently transferred on to Aluminium Nitride in 

order to improve the power handling capability and hence the efficiency. The so-called transferred substrate 

multipliers  improves the efficiency of the component by around 15% compared to similar designs on the 

original GaAs substrates. The varactor chip and quartz microstrip circuit are embedded in a split waveguide 

block. The transferred substrate multipliers exhibit an efficiency of around 30 % at 160 GHz for an input power 

of 60 mW, and a 20% efficiency at 332 GHz for an input power of 40 mW.          

 

GaAs varactor multipliers based on  transferred 

substrate technology 
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Abstract

THz quantum cascade lasers are promising solid-state sources for use as local-oscillators in THz
heterodyne receiver systems especially when frequencies higher than 2 THz or power exceeding mW are
needed. Recent phase locking measurements of THz QCLs to high harmonics of microwave frequency
reference sources as high as 2.7 THz [[1], [2]] demonstrate that the linewidth and frequency stability of
QCLs can be more than adequate for astrophysical measurements.

Using a novel transceiver with a Schottky diode monolithically integrated into a THz QCL, we have
begun to explore the sensitivity of the laser performance on feedback due to retroreflections of the THz
laser radiation. The transceiver allows us to monitor the beat frequency between internal Fabry-Perot modes
of the QCL or between a QCL mode and external radiation incident on the tranceiver. When feeding back
the radiation from a Fabry-Perot type QCL with quasi-static optics we observe reproducible fluctuations of
the difference frequency between the QCL modes as either the alignment of or distance to the reflector is
changed.

We have also explored the behavior when the difference frequency of the internal laser modes is locked
to an ∼ 13 GHz microwave reference source (as done in ref. [[3]]) with a linewidth less than 10 Hz. The
narrow linewidth allowed us to observe sidebands with a few hundred Hz separation when the retroreflector
was vibrated at a fixed frequency. In some cases these sidebands were only 3dB down from the central
peak at the locked frequency.

This work was supported by the LDRD program office at Sandia National Labs. Sandia is a multiprogram
laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States Department
of Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.

REFERENCES

[1] D. Rabanus, U. U. Graf, M. Philipp, O. Ricken, J. Stutzki, B. Vowinkel, M. C. Wiedner, C. Walther, M. Fischer, and J. Faist,
“Phase locking of a 1.5 Terahertz quantum cascade laser and use as a local oscillator in a heterodyne HEB receiver,” OPTICS
EXPRESS, vol. 17, pp. 1159–1168, FEB 2 2009.

[2] P. Khosropanah, A. Baryshev, W. Zhang, W. Jellema, J. N. Hovenier, J. R. Gao, T. M. Klapwijk, D. G. Paveliev, B. S. Williams,
S. Kumar, Q. Hu, J. L. Reno, B. Klein, and J. L. Hesler, “Phase locking of a 2.7 THz quantum cascade laser to a microwave
reference,” OPTICS LETTERS, vol. 34, pp. 2958–2960, OCT 1 2009.

[3] A. Baryshev, J. N. Hovenier, A. J. L. Adam, I. Kasalynas, J. R. Gao, T. O. Klaassen, B. S. Williams, S. Kumar, Q. Hu, and J. L.
Reno, “Phase locking and spectral linewidth of a two-mode terahertz quantum cascade laser,” APPLIED PHYSICS LETTERS,
vol. 89, JUL 17 2006.

54



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

x 3 x 3x 3 x 3

Development of Local Oscillators 
for CASIMIR 

R. Lin, B. Thomas, J. Ward1, A. Maestrini2, E. Schlecht, G. Chattopadhyay, 
J. Gill, C. Lee, S. Sin, F. Maiwald, and I. Mehdi 

 Jet Propulsion Laboratory, California Institute of Technology,  
4800 Oak Grove Drive, Pasadena, CA, 91101, USA. Email: Robert.H.Lin@jpl.nasa.gov 

1 now with Raytheon Company, Fort Wayne, Indiana 
2 Observatoire de Paris, LERMA, University P&M Curie, Paris-VI. 77 Avenue Denfert-Rochereau 75014 Paris, France 

 
Abstract— We present the development of three local oscillator 
chains to be used on the CASIMIR (Caltech Airborne 
Submillimeter Interstellar Medium Investigations Receiver) 
instrument onboard the SOFIA (Stratospheric Observatory for 
Infrared Astronomy) aircraft.  All three chains use all solid-
state GaAs-based components to amplify and multiply a  
~1-3 mW input signal at W band.  At room temperature, the 
900 GHz source produces 50-100 µW of power from 800 to 
930 GHz.  The 1 THz source produces 50-120 µW of power 
from 960 to 1045 GHz.  The 1.4 THz source produces 10-70 µW 
of power from 1320 to 1470 GHz.  When cooled to 120 K, the 
1.4 THz chain’s output power increases by approximately 3 dB 
with a peak power of 129 µW at 1395 GHz. 
 
Index Terms – CASIMIR, local oscillator, terahertz source, 
frequency multiplier, cascaded multipliers, GaAs Schottky 
diode, submillimeter wavelengths. 

I. INTRODUCTION 
The Caltech Airborne Submillimeter Interstellar Medium 

Investigations Receiver (CASIMIR) is a multi-band, far 
infrared and submillimeter, high resolution, heterodyne 
spectrometer designed for high sensitivity observations of 
warm interstellar gas [1].  Multiple bands are being 
developed to study the transition lines of various molecular 
species.  Of special interest are lines from H2

18O, H2D+, and 
N+ around 1 THz and 1.4 THz.  The detectors for the 
receivers use advanced Superconductor-Insulator-
Superconductor (SIS) mixers, pumped by solid-state local 
oscillator (LO) sources.  

 
We present here the development and characterization of 

three LO sources which cover 800-930 GHz, 970-1040 GHz, 
and 1320-1470 GHz, respectively.  The first two sources will 
serve as local oscillators for the spectroscopic lines in the 
800-1040 GHz range [2], while the 1.4 THz source will 
enable the study of the H2D+ line at 1.37 THz and the N+ 
line at 1.46 THz [3]. Each chain is composed of cascaded 
frequency multipliers driven by WR10 or WR8 power 
amplifiers.  The multipliers are based on GaAs substrateless 
and membrane device technologies, which have been 
successfully demonstrated on the Herschel HIFI instrument 
[4],[5].  Measurements of SIS and HEB heterodyne mixers 
pumped by these LO chains prove that they are low noise and 
produce power at the correct frequency [6],[7]. 

 

II. 900 GHZ LO CHAIN 
 
The 900 GHz LO is driven by a few milliwatts of power in 

the 88-105 GHz range.  Three cascaded power amplifiers 
amplify the input signal to ~100 mW.  This is then followed 
by a wideband isolator, built by Millitech, and two stages of 
frequency triplers as shown in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1: Schematic block diagram and photo of the 900 GHz LO chain, 
including power amplifiers, an isolator, two stages of frequency triplers, and 
a corrugated output horn.  

 
The first stage tripler provides output power in the 265-

325 GHz range.  Its circuit is based on a GaAs Monolithic 
Membrane Device (MoMeD) with beamleads for electrical 
connections and handling [8]. The tripler, previously 
described in [9], has an efficiency of about 7-9% across the 
band, with average output power ~7-9mW.  The second stage 
tripler (M2) uses a 3 µm GaAs MoMeD with 4 anodes in a 
balanced configuration.  Its design and characterization were 
previously reported in [10].   

 
The output power of the complete chain was measured 

using an Erickson PM2 calorimeter by removing the 
corrugated output horn and attaching a custom-made 
300x150 µm to WR10 waveguide transition.  At fixed bias 
voltages for both tripler stages, there is a strong standing 
wave due to the lack of isolation between the two triplers.  
By tuning the bias voltages of the frequency multiplier 
diodes, we were able to obtain a smooth frequency vs. power 
sweep that still meets the required minimum 50 µW of output 
power across the full 800-930 GHz band.  Figure 2 shows the 
results of the measurements, uncorrected for the loss due to 
the waveguide transition. 
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Fig.2: Performance of the 900 GHz LO Chain at room temperature.  At fixed 
bias conditions, a standing wave pattern exists in the frequency sweep.  By 
tuning the bias voltages properly, the nominal output power shown in dark 
blue is obtained. 

 

III. 1 THZ LO CHAIN 
 
The 1 THz LO is driven by a few milliwatts of power in 

the 107-117 GHz range.  Four cascaded power amplifiers 
amplify the input signal to ~80-100 mW.  This is then 
followed by two stages of frequency triplers as shown in 
Fig. 3.  Due to the lack of a low-loss wide bandwidth isolator 
at WR8 frequencies, no isolation exists between the amplifier 
and the first stage tripler.  The final stage tripler has a 
diagonal horn integrated into the block described in [11].  
The CASIMIR horn is scaled such that the dimension of the 
square on the output flange is 1.86 mm. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3: Schematic diagram and photo of the 1 THz LO Chain, including four 
power amplifier stages and two stages of frequency triplers. 

 
The first stage tripler gives output in the 325-350 GHz 

range.  Its circuit is a scaled version of the 265-325 GHz 
tripler used in the 900 GHz LO chain.  This tripler produces 
about 6-11 mW of power across the band.  The second stage 
tripler uses a 3 µm thick GaAs MoMeD with 2 anodes in a 
biasless configuration.  The same device has been previously 
used on the Herschel HIFI instrument for the Band 5 
(1.2 THz) receivers [12].  For the CASIMIR chain, the 
waveguides were redesigned for optimal efficiency in the 
970-1040 GHz range. 

 
 

The output power of the complete chain was measured 
using an Erickson PM2 calorimeter by attaching a circular to 
WR10 waveguide transition directly to the output face of the 
last stage tripler.  With fixed bias voltages for both the power 
amplifier and tripler, the output power of the chain is shown 
in Figure 4.  The required 50 µW of power across 970 to 
1040 GHz is met at room temperature even without 
correcting for the waveguide transition loss.  Peak measured 
power was 120 µW at 980 GHz. The compact nature of this 
chain, combined with the excellent output power 
performance without mechanical or electrical tuning, makes 
this chain very robust and easy to use. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4: Performance of the 1 THz LO Chain.  Measured with Erickson PM2 
calorimeter, uncorrected for waveguide transition loss. 

 

IV. 1.4 THZ LO CHAIN 
 
The 1.4 THz LO features three amplifier blocks, an 

isolator, and three stages of frequency multiplication.  It is 
driven by a few milliwatts of power in the 72-82 GHz range.  
First, three cascaded power amplifiers amplify the input 
signal to ~130 mW.  This is then followed by a wide-band 
isolator, a frequency doubler, and two additional stages of 
frequency triplers as shown in Fig 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5: Schematic diagram and photo of the 1.4 THz LO Chain, including 
three power amplifier stages, one doubler stage and two tripler stages. 
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The first stage multiplier is a frequency doubler that gives 
output in the 144-164 GHz range.  The circuit is based on the 
substrate-less device technology used on Herschel / HIFI 
[12], scaled to ~150 GHz.  This doubler produces about 40 
mW of power across the band with a fixed bias voltage of  
–6V. 

The second stage multiplier is a frequency tripler operating 
from 430 to 495 GHz, with  ~4 mW of power across 445 to 
490 GHz.  The bias voltage is mostly fixed at +12V except at 
output frequencies below 445 GHz, where it prefers to be 
biased closer to 0V. The circuit uses a 5 µm GaAs MoMeD 
which is a scaled version of the 265-325 GHz tripler 
discussed earlier in this paper. 

The final stage frequency tripler features a 2-anode bias-
less MoMeD device on a 3 µm thick GaAs membrane, shown 
in Figure 6.  It operates from 1320 to 1470 GHz, and has an 
integrated diagonal horn [11].  The horn dimensions are 
scaled such that the output square dimension is 1.35 mm.  
 

 
 
Fig.6: Photo of the 1.4 THz tripler device mounted in its waveguide block, 
featuring 2 anodes on 3 µm GaAs membrane in a biasless configuration. 

 
A. Investigation and Management of Signal Purity 

 
The photo in Figure 5 shows the presence of an extra 

waveguide shim between the second and third multiplier 
stages.  This is inserted to suppress a spurious signal that was 
found after an investigation into the spectral purity of the 
chain, as described below. 

The spectral purity of the 1.4 THz chain output signal was 
analysed with a Fourier Transform Spectrometer (FTS) based 
on a simple Michelson interferometer.  With an input signal 
at f0=80 GHz, the chain is expected to produce f0x2x3x3 = 
18f0, the 18th harmonic, at 1440 GHz.  However, when the 
output spectrum is analysed with the FTS system, we find an 
additional signal at 1280 GHz that is stronger than that at 
1440 GHz. 

To investigate this spurious signal, the output of the first 
stage doubler was analysed with the FTS.  It was found that a 
strong 4th harmonic (4f0 = 320 GHz) was present in addition 
to the nominal 2nd harmonic (2f0 = 160 GHz).  When this 4th 
harmonic enters the second stage multiplier, it gets tripled to 
the 12th harmonic (12f0 = 960 GHz), and at the same time, 
some of the 4th harmonic leaks through to the third stage 
multiplier.  The last stage tripler takes these two additional 
inputs, the 12th harmonic and the 4th harmonic, and mixes 
them to produce the 16th  harmonic at 1280 GHz.  Additional 
signals at 12f0 and at 10f0, from mixing the 6f0 and 4f0 
signals, are also present.  The signal flow diagram and 
frequency spectrum are shown in Figure 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7: FTS spectrum of the 1.4 THz chain at 1440 GHz.  The extra signals 
can be traced to the presence of a fourth harmonic at the output of the first 
stage doubler.  This fourth harmonic propagates through the second 
multiplier as well as getting tripled before going into the third multiplier.  
The final stage tripler then acts as a mixer, producing the 10th and 16th 
harmonics in addition to the nominal 18th harmonic. 
 

The solution to removing the spurious signal at 16f0 is to 
cutoff the 4f0 signal from going into the last stage tripler, 
thereby eliminating the mixing action.  An extra waveguide 
shim with dimensions 432 µm x 216 µm x 1.5 mm, whose 
cutoff frequency is at 350 GHz, was machined and inserted 
between the second and third stage multipliers.  FTS 
measurements of the output spectrum of the second stage 
multiplier before and after insertion of this waveguide 
confirm that the 4f0 signal is effectively cancelled after the 
extra waveguide section.  With this waveguide shim inserted, 
the FTS spectrums of the chain at 1.36 THz and at 1.46 THz 
are shown in Figure 8.  It is observed that in addition to the 
18th harmonic, the 12th and 24th harmonics are still present 
due to mixing of the 18th and 6th harmonics.  However, their 
power levels are much lower than the nominal signal, and the 
frequencies are far enough away from the main signal that 
they will not affect the LO pump into the SIS mixer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: Frequency spectrum of the 1.4 THz LO chain at 1.36 THz and 1.46 
THz.  The 16th harmonic has been removed by placing an extra waveguide 
shim between the second and third stage multipliers. 
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B. Frequency Sweep at Room Temperature 
 
The output power of the complete 1.4 THz chain, including 

the extra waveguide shim, is measured by placing a Thomas 
Keating meter at Brewster’s angle of 57 degrees to the axis, 
located ~10 cm away from the output horn.  With nominally 
fixed bias voltages for the power amplifier and both stage 
multipliers, the output power of the chain is shown in Figure 
9.  The chain meets the required 10 µW of power across 1320 
to 1470 GHz.  A strong atmospheric absorption line due to 
water vapour is present at 1410 GHz, which could account 
for the dip seen in the frequency sweep.  Peak measured 
power was 70 µW near 1350 GHz and 1395 GHz. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.9: Performance of the 1.4 THz LO chain operated at room temperature, 
measured with a Thomas Keating meter, uncorrected for atmospheric losses 
from water vapour absorption. Atmospheric transmission is courtesy of Scott 
Paine’s AM model [13] calculated with 25% relative humidity and 10 cm 
path length.   
 

C. Frequency Sweep at 120K and Comparison with HIFI 
 

We have also made measurements at the cryogenic 
temperature of 120K and compared the results with the 
Herschel / HIFI Band 6A (1.5 THz) LO chain.  The 
multiplier blocks of the 1.4 THz chain were placed in a 
cryostat at 120K, while the amplifiers and isolator driving the 
multipliers remained at ambient temperatures outside the 
cryostat.  Measurements were made with the Keating meter 
under the same bias conditions as at room temperature.  
Compared with room temperature results, the output power 
increased by a factor of approximately 3 dB across the band 
(see Figure 10).  Output power was over 50 mW from 1325 
GHz to 1445 GHz except around the water line at 1410 GHz.  
Peak output power was 129µW at 1395 GHz.  To the best of 
the authors’ knowledge, this is the highest reported power by 
an all-solid state source in this frequency range. 

In Figure 11, the performance of the CASIMIR chain at 
120K is plotted against data from the Herschel / HIFI chain.  
The peak power of the CASIMIR chain is higher than the 
peak power of the HIFI chain by a factor of 6. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: Performance of the 1.4 THz LO chain at ambient and cryogenic 
temperatures.  The output power at 120K is a factor of 3 dB better than at 
300K. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11: Performance of the 1.4 THz LO chain compared to the Band 6A LO 
chain of Herschel HIFI. 

V. CONCLUSIONS 
The fabrication, development, and characterization of 

three local oscillator chains for CASIMIR have been 
presented.  The 900 GHz and 1 THz LO chains meet and 
exceed the required performance in terms of output power 
and frequency range.  The 1.4 THz LO chain exhibits state-
of-the-art performance at room temperature and when cooled 
to 120 K.  Compared with Herschel / HIFI, the results are 
impressive: more than a factor of 10 better at room 
temperature and a factor of 6 improvement at 120K. 
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Abstract—Negative differential resistance devices were

fabricated from four epitaxial wafers with different GaAs/AlAs

superlattices and evaluated in resonant-cap full-height WR-15

and WR-10 waveguide cavities. These devices on integral heat

sinks generated output powers in the fundamental mode

between 62–108 GHz. The best RF powers (and their

corresponding dc-to-RF conversion efficiencies) were 58 mW

(3.5%) at 66 GHz, 42 mW (2.6%) at 78 GHz, and 28 mW (1.8%)

at 94 GHz. The RF power of 15 mW at 101 GHz constitutes a

30-fold improvement over previous results; the highest

fundamental oscillation frequency was 108 GHz. In a second-

harmonic mode, one device yielded 2.0 mW at 216 GHz, the

highest second-harmonic frequency to date for a GaAs/AlAs

superlattice.

I. INTRODUCTION

Compact, reliable, and efficient sources of radiation are a
prerequisite for many emerging systems applications at

terahertz frequencies, such as wideband wireless

communications, material analysis, imaging, chemical and
biological sensing, and space exploration. High spectral

purity is also imperative for these sources to be used as

transmitters or local oscillators in such applications [1]. In
their seminal paper of 1970, Esaki and Tsu proposed a device

structure “with virtually no frequency limitation” where the

Bragg reflection of electrons in an engineered semiconductor
superlattice (SL) gives rise to energy minibands and regions

of negative differential velocity [2] in the velocity-electric

field characteristics. At sufficiently high electric fields across
a doped SL, traveling domains may then form in the SL [3]

and, similar to domains in Gunn devices, cause a negative

differential resistance (NDR) to occur between the device
terminals. When a superlattice electronic device (SLED) with

such an NDR is connected to a suitable resonant RF circuit,

RF power is generated.
SLEDs have attracted much attention since the 1990s

because the underlying physical process, the Bloch effect,

has relevant time constants that are much shorter than those
of the transferred-electron effect in, for example, GaAs Gunn

devices [4], [5]. SLEDs with sufficiently wide minibands in

the GaAs/AlAs and InGaAs/InAlAs material systems have
been demonstrated as millimeter-wave oscillators [4]–[7]. As

examples, fundamental-mode operation up to 103 GHz (with

an RF output power of 0.5 mW) was demonstrated for a
GaAs/AlAs SL [4], and a high dc-to-RF conversion

efficiency of 5% at 64.4 GHz was obtained with a SLED in a

cavity micromachined using SU-8 [7]. More recently, the use
of selective etching technologies [8], and improved thermal

management with substrateless devices, yielded RF output

powers of more than 80 mW and dc-to-RF conversion

efficiencies up to 5.1% around 63 GHz [9]. This paper
reports the demonstration of SLEDs as high-performance

millimeter-wave oscillators above 75 GHz.

II. EXPERIMENTAL PROCEDURE

Four different SL structures were grown in an Oxford

Instruments (VG Semicon) V80-H molecular beam epitaxy

growth chamber at a substrate temperature of 580 °C and
with a V/III flux ratio of approximately 7. In this MBE

system, the substrate temperature is determined using a k-

Space Associates calibrated BandiT spectrometer, whereas
the flux ratio is determined by a beam monitoring ion gauge.

The growth conditions for the four wafers were similar to
those used at the time to grow high electron mobility

transistor structures with mobilities exceeding 106 cm·V!1s!1

at 1.2 K. Doping levels were assessed by growing separate
bulk GaAs layers for Hall effect measurements.

Table I lists the structural properties of the four wafers and

their estimated miniband widths [11]. To increase the
operating frequency slightly from previously evaluated

devices [9], the total lengths of these SL structures were

reduced for Wafers 2–4 by approximately 12–15%, and, for
Wafer 4, a wider miniband width was also chosen. In all four

wafers, and as before [9], the SLs were sandwiched between

graded transition layers and thin buffer layers on both sides.
A 0.5-µm-thick Al0.55Ga0.45As layer was grown between the

substrate and the SLED layers to allow for complete

substrate removal during device fabrication [8], [9], [12],
[13].

TABLE I: NOMINAL DEVICE STRUCTURES OF THEWAFERSUSED FOR

MILLIMETER-WAVE SUPERLATTICE ELECTRONICDEVICES

Wafer Number of

periods

Number

of GaAs

MLs

Number

of AlAs

MLs

Nominal

doping

[cm!3]

Miniband

width

[meV]

1 120 12 3 1.5 × 1017 85

2 102 12 3 1.6 × 1017 85

3 102 12 3 1.9 × 1017 85

4 110 12 2 1.5 × 1017 150

Device fabrication followed the same process steps

described in [9] except that the top ohmic contacts were
defined by etching in a wet etchant [12] for all fabrication

runs, and somewhat smaller SLEDs, with nominal diameters
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of 30–55 µm, were selected for packaging and RF testing.

SLEDs were mounted in the same type of package that has

been employed previously in the evaluation of different types
of active two-terminal devices on integral and diamond heat

sinks in the GaAs and InP material systems [8], [12]–[15],

including SLEDs [9].
SLEDs fabricated from each of the four wafers were

evaluated in the fundamental mode and in higher harmonic

modes. For fundamental-mode operation, the same types of
resonant-cap full-height WR-15 and WR-10 waveguide

cavities were employed, as previously used in the evaluation

of various two-terminal devices in the GaAs and InP material
systems at V-band (50–75 GHz) frequencies [8], [9] and W-

band (75–110 GHz) frequencies [8], [12]–[15], respectively.

RF output powers and oscillation frequencies were measured
in calibrated WR-15 (V-band) and WR-10 (W-band)

waveguide test setups that each have a precision attenuator, a

precision direct-reading frequency meter, a thermistor power
head, and a directional coupler to connect to a harmonic

mixer [8].

For operation in a second-harmonic mode below
approximately 190 GHz, the SLEDs had to be mounted in a

different package, which fitted the highly tunable waveguide

mount of Figure 1. This mount previously yielded state-of-
the-art results from InP Gunn devices above 180 GHz [14]

and SLEDs around 130 GHz [9]. Therefore, the SLEDs for
this mount were not evaluated in the fundamental mode.

Conversely, the SLEDs with fundamental oscillation

frequencies above 100 GHz were also evaluated for second-
harmonic power extraction, and the waveguide configuration

of Figure 2 was employed. It is one of the configurations that

were used previously for the same purpose with GaAs tunnel
injection transit-time (TUNNETT) diodes [14].

Figure 1: Schematic of the waveguide oscillator mount for second-harmonic

power extraction from SLEDs from Wafers 1–3 below 190 GHz.

III. RESULTS

The current-voltage characteristics of SLEDs from Wafers

1–4 are very similar to that reported previously [9] and
typically show the onset of a negative slope at a dc bias

voltage of approximately 0.8 V. SLEDs from Wafer 1

yielded RF powers (and corresponding dc-to-RF conversion
efficiencies) of 52 mW (4%) and 58 mW (3.5%) at 62.7 GHz

and 66.4 GHz, respectively, and these values are comparable

to those typical for the SLEDs of [9]. In a second-harmonic

mode, one SLED from Wafer 1 generated an RF power of
5 mW around 150 GHz in the mount of Figure 1.

Figure 2: Schematic of the WR-10 waveguide oscillator cavity and WR-3

output waveguide for second-harmonic power extraction from SLEDs from

Wafer 4.

Contrary to the SLEDs of [9] however, SLEDs from

Wafer 1 could be operated easily in a WR-10 waveguide

cavity and at fundamental frequencies above 75 GHz. They
then produced RF powers of 31 mW and 20 mW at 75.2 GHz

and 87.1 GHz, respectively. RF powers of 20–25 mW around
75 GHz were measured with SLEDs from Wafer 2 in a WR-

15 waveguide cavity whereas SLEDs from Wafer 3 yielded

much higher RF powers (and corresponding dc-to-RF
conversion efficiencies) of 47 mW (3%) at 66.6 GHz and

42 mW (2.6%) at 77.8 GHz in the same cavity.

The spectral purity of the fundamental-mode oscillations
in V-band was verified with an Agilent E4407B spectrum

analyzer and an Agilent 11970V waveguide harmonic mixer

connected to the V-band waveguide setup. Typical dc bias
voltages of the SLEDs from the four wafers are below 3 V.

At such bias voltages, even small noise signals (less than

1 mV) from the power supply were found to cause
appreciable frequency modulation and broadening of the line

width of the oscillators. As a consequence, the same bias

filter as for the 480-GHz oscillator with an InP Gunn device
[16], consisting of a series resistor of 1  and a parallel

capacitor of more than 50 mF, was connected between the

power supply and the SLED under test. The spectral purity of
the SLEDs was found to be as good as or better than that

reported in [9].

The SLEDs from Wafer 4 were first tested in a WR-10
waveguide cavity and instantly achieved the highest

oscillation frequencies of the four wafers of Table I.

Therefore, they were not tested in a WR-15 waveguide
cavity. The best results to date are RF powers (and

corresponding dc-to-RF-conversion efficiencies) of 28 mW

(1.8%) at 94.5 GHz and 15 mW (1.0%) at 101.0 GHz.
The employed WR-15 and WR-10 waveguide cavities

generally do not support the operation of devices in a second-

harmonic mode at 50–75 GHz and 75–110 GHz,
respectively. Nonetheless, two types of additional

experiments were carried out to confirm that the SLEDs from

Wafer 4 were operating in the fundamental mode. The
tunable back short in the waveguide greatly changes the

impedance seen by the active two-terminal device and,
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consequently, its oscillation frequency when the device is

operating in the fundamental mode. As a result, active two-

terminal devices in the fundamental mode commonly show
monotonic tuning behavior and a wide tuning range when the

position of the back short is changed [8], [14]–[15].

Conversely, the oscillation frequency of an active two-
terminal device in a second-harmonic mode is hardly affected

by the tunable back short such as the power short in the

waveguide of the mount of Figure 1.
As can be seen from Figure 3, the SLED from Wafer 4 can

be tuned monotonically (and virtually linearly) by more than

6 GHz, that is, from 101.1 GHz to 107.7 GHz, when the
position of the back short is changed by 0.7 mm. No mode or

frequency jumps occur over the full tuning range, and an RF

output power of more than 11 mW is available over a smaller
tuning range, which still exceeds 4 GHz. Such a wide tuning

range is a clear indication of operation in the fundamental

mode.

Figure 3: RF output power and oscillation frequency as a function of

backshort position for a GaAs/AlAs SLED from Wafer 4 operating in the

fundamental mode on an integral heat sink.

SLEDs are well known to generate strong signals at higher

harmonic frequencies [7], [9], [17]. Therefore, the same

SLED whose tuning characteristics were presented in Figure
3 was also evaluated for its performance in the configuration

of Figure 2. For different positions of the back short, RF

powers of 2.2 mW and 1.3 mW were measured at 207.7 GHz
and 212.3 GHz, respectively and confirm again that the

results presented in Figure 3 correspond to operation in the

fundamental mode.
The excellent spectral purity of SLEDs from Wafer 4 at

the fundamental and second-harmonic frequencies was

ascertained using a Rohde & Schwarz FSU-46 spectrum
analyzer either with a W-band harmonic mixer connected to

the WR-10 waveguide setup or a J-band (170–325 GHz)

mixer connected to the output waveguide of Figure 2. The
same bias filter as before with a series resistor and a parallel

capacitor [16] was used. Figure 4 shows the spectrum of the

SLED for an RF power of 8 mW at 106.2 GHz and Figure 5
the spectrum of the same SLED for an RF power of 1.3 mW

at 212.3 GHz. Both figures show the two traces that are

produced by the IDENTIFY function of the spectrum

analyzer.

The SLED of Figures 3–5 was removed from its WR-10
cavity to allow for testing of other SLEDs from Wafers 3 and

4. It was then tested again after reassembly with the same

resonant cap as before and the aforementioned RF power of
15 mW was measured at 101.0 GHz. For the same resonant

cap, but different positions of the tunable back short, it also

yielded RF powers of 24 mW at 96.4 GHz in the fundamental
mode and 2.0 mW at 216.3 GHz in a second-harmonic mode.

Figure 6 summarizes the best results from Wafers 1, 3, and 4

of Table I in the fundamental mode over the frequency range
60–110 GHz. The RF power of 15 mW at 101.0 GHz

constitutes a 30-fold improvement over previous results [4]

and this performance improvement confirms the importance
of suitable thermal management in SLEDs [9], as already

known from other active two-terminal devices [8], [12]–[15].

Furthermore, RF powers of 2.2 mW at 207.7 GHz and
2.0 mW at 216.3 GHz are several orders of magnitude higher

than those reported before. The oscillation frequency of

107.7 GHz is the highest reported to date from GaAs/AlAs
SLEDs operating in the fundamental mode and also much

higher than the highest reported to date for GaAs Gunn

devices operating in the fundamental mode (87 GHz) [8].

Figure 4: Spectrum of a free-running oscillator with a SLED fromWafer 4 in

the fundamental mode; RF power: 8 mW, center frequency: 106.21 GHz,

vertical scale: 10 dB/div., horizontal scale: 500 kHz/div., resolution

bandwidth: 50 kHz, video bandwidth: 1 kHz.

IV.CONCLUSIONS

The experimental results reported in this paper show that

shorter SL structures and wider miniband widths lead to

higher operating frequencies. They are also a very good
indication of the strong potential of SLEDs as high-

performance fundamental sources for millimeter-wave and

submillimeter-wave frequencies up to 1 THz. Further
performance improvements are expected not only from fully

optimized thermal management, but also from SL structures

designed for higher operating frequencies or more efficient
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harmonic operation. In addition, approaches to efficient

third-harmonic power extraction that have already been

demonstrated with GaAs TUNNETT diodes [18] and InP
Gunn devices up to 480 GHz [16], [19] could be

implemented.

Figure 5: Spectrum of a free-running oscillator with a SLED fromWafer 4 in

a second-harmonic mode; RF power: 1.3 mW, center frequency:

212.34 GHz, vertical scale: 10 dB/div., horizontal scale: 500 kHz/div.,

resolution bandwidth: 50 kHz, video bandwidth: 1 kHz.

Figure 6: RF powers from SLEDs of Wafers 1 ( ), 3 (!), and 4 ( ) in the

fundamental mode over the frequency range 60–110 GHz.
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Abstract 

Heterodyne spectroscopy of molecular rotational lines and atomic fine-structure lines is a powerful tool in 
astronomy and planetary research. It allows for studying the chemical composition, the evolution, and the 
dynamical behaviour of many astronomical objects. As a consequence, current and future airborne as well as 
spaceborne observatories such as SOFIA, Herschel or Millimetron are equipped with heterodyne 
spectrometers.  

A major challenge for heterodyne receivers operating above approximately 2 THz is the local oscillator, 
which should be a compact source requiring little electrical input power. THz quantum-cascade lasers (QCLs) 
have the potential to comply with these requirements. However, until now, THz QCLs operate at rather low 
temperatures so that cooling by liquid helium or using large cryo-coolers becomes necessary. While these 
cooling approaches might be acceptable for laboratory experiments, they either result in too many restrictions 
on airborne or spaceborne heterodyne receivers or are completely unacceptable.  

We report on the development of a compact, easy-to-use source, which combines a QCL operating at 
3.1 THz with a compact, low-input-power Stirling cooler. The QCL, which is based on a two-miniband design, 
has been developed for high output powers and low electrical pump powers [1]. Efficient carrier injection is 
achieved by resonant longitudinal-optical phonon scattering. At the same time, the operating voltage can be 
kept below 6 V. The amount of generated heat complies with the cooling capacity of the Stirling cooler of 7 W 
at 65 K with 240 W of electrical input power. Special care has been taken to achieve a good thermal coupling 
between the QCL and the cold finger of the cryostat. The whole system weighs less than 15 kg including 
cooler, power supplies etc. The output power is well above 1 mW at 3.1 THz. With an appropriate optical 
beam shaping, the emission profile of the laser becomes a fundamental Gaussian one. In addition to the 
performance of the QCL in the Stirling cooler, we will present results of the application of this source to high-
resolution molecular spectroscopy. 

REFERENCES 
[1] M. Wienold, L. Schrottke, M. Giehler, R. Hey, W. Anders, and H. T. Grahn, Electron. Lett. 45, 1030–1031 (2009). 
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Abstract 

 
Upcoming submillimetre-wave and far-infrared space telescopes will require a new generation of 

cryogenic (50mK) ultra-low-noise Transition Edge Sensors (TESs).  For example, BPol is a 
submillimetre-wave (3.0-0.5mm) telescope dedicated to searching for B modes in the polarisation state 
of the CMB, whereas SPICA is a cooled-aperture infrared (210-35µm) telescope aimed at studying star 
formation in distant galaxies.  Furthermore, the detector technology needed for these infrared missions is 
closely related to the calorimeter technology needed for the Cryogenic Imaging Spectrometer on the 
International X-ray Observatory, IXO.  

 
In recognition of the importance of ultra-low-noise TES technology for experimental astrophysics, the 

European Space Agency (ESA) has established a program1 to study the physics, materials science, and 
performance of ultra-low-noise submillimetre-wave and far-infrared TES imaging arrays.  The central 
theme relates to understanding how the NEP can be reduced from 10-17WHz-1/2 (typical of ground-based 
experiments) to 10-18WHz-1/2 (needed for space-borne CMB experiments), 10-19WHz-1/2 (needed for 
space-borne cooled-aperture infrared telescopes), and 10-20WHz-1/2 (needed for space-borne infrared 
interferometers). Achieving ultra-low-noise operation is not in itself a major challenge, but achieving 
ultra-low-noise operation while maintaining high saturation powers (1pW for CMB astronomy, and 
10fW for IR astronomy), fast response times (<10ms), and high optical sampling is a considerable 
problem. Moreover, the pixels must be packed into large multiplexed imaging arrays, and must be 
useable in space.  

 
In this paper, we review the physics and technological challenges associated with developing ultra-

low-noise TESs for space applications. We review the needs of typical missions, and address the 
fundamental device physics that limits the performance of single pixels. We consider issues such as 
power handling, noise, and response time, and discuss how these relate to the form and layout of the 
device. We also consider how the properties of the materials that make up the device affect performance, 
and how these can be chosen to achieve the specifications required. Finally, we consider the problems 
associated with packing TESs into large polarimetric and photometric imaging arrays, and touch on 
issues relating to uniformity of performance. 

 
 

1The authors would like to thank the European Space Agency for supporting this work through  TRP Programme 
AO/1-5922/08/NL/EM. 
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Abstract— A novel type of the zero-biased thermo-electric 

bolometer (TEB) is proposed. The bolometer is based on a 

Charge-to-Voltage Converter (CVC) with a Superconductor-

Insulator-Normal (SIN) Tunnel Junction and a superconducting 

absorber. The absorption of photons in the absorber leads to 

excitation of quasiparticles with some fraction of charge 

imbalance, tunneling through the SIN junction and generation 

of voltage. The thermoelectric voltage is determined by 

accumulation of tunneling charge in an external capacitance. 

Conversion efficiency is very high and voltage values 

comparable with a superconducting gap are easily achieved. 

The zero-biased CVC-TEB can be effectively used for creation 

of an array of bolometers. 

I. INTRODUCTION 

Recent Cosmology experiments have discovered that the 

Universe consists mainly of mysterious Dark Energy and 

Dark Matter [1]. There are several cosmology instruments 

that are being designed to measure the polarization of the 

Cosmic Microwave Background (CMB), in particular the B-

mode polarization, which is generated by primordial 

gravitational waves.  

A new design of antennas and a new generation of 

detectors are needed for these advanced telescopes.  These 

detectors must achieve sensitivities better than ~10
-18

 W/Hz
1/2 

and should be realized in large format arrays of detectors (up 

to 100x100 pixels). Several advanced concepts of 

bolometers, such as transition-edge sensor [2], cold-electron 

bolometer (CEB) [3,4], and kinetic-inductance detector, are 

in the stage of development. In scaling up today’s detectors 

to a large format, we encounter serious problems with 

overheating of the detector system, which typically has to 

work at a low temperature. All these problems become even 

more severe for focal-plane arrays [4], where each pixel is 

replaced by an array of bolometers (up to 16x16). In a large-

scale array with 104 pixels, one has to deal with several 

million bolometers, each of them contributing to overheating 

problems. 

Here the zero-biased thermo-electric bolometer (TEB) is 

proposed in order to solve the problem by essentially 

eliminating the overheating due to the absence of DC bias 

dissipation. In addition, zero-biased bolometers help to avoid 

problems caused by complicated electrical circuitry, ground 

loops, and unwanted interferences. For ordinary metals and 

semiconductors, the thermo-electric Seebeck coefficient is 

dramatically decreased at low temperatures. In contrast, 

superconductors have been shown to have a rather large 

thermo-electric coefficient if they come in contact with a 

normal metal or with a different superconductor. Classic 

experiments in the 1980s using a bulk bimetallic 

superconducting loop and a SQUID amplifier showed an 

unexpectedly large thermoelectric response (even reaching 

five orders of magnitude than that predicted by theory) [5-7]. 

This situation leads us to reconsider the fundamentals of 

thermoelectricity, and opens up an opportunity to use 

superconducting systems for creating a new class of 

thermoelectric bolometers. 

Fig 1. Sketch of the proposed Thermo-Electric Bolometer based on a 

Charge-to-Voltage Converter (CVC-TEB) with capacitive coupling to the 

antenna. The converter will work in a novel mode as an integrator of charge 

that has tunneled through the SIN junction to an external capacitor. 
 

A novel type of the zero-biased thermo-electric bolometer 

(TEB) is proposed. The bolometer is based on a Charge-to-

Voltage Converter (CVC) with a Superconductor-Insulator-

Normal (SIN) Tunnel Junction and a superconducting 

absorber. The absorption of photons in the absorber leads to 

excitation of quasiparticles with some fraction of charge 

imbalance, tunneling through the SIN junction and 

generation of voltage. The thermoelectric voltage is 

determined by accumulation of tunneling charge in an 

external capacitance. Conversion efficiency is very high and 

voltage values comparable with a superconducting gap are 

easily achieved. The zero-biased CVC-TEB can be 

effectively used for creation of an array of bolometers. 

 

 The concept is based on the radically new principle of 

harvesting energy from the incoming signal, converting this 

energy to charge in a superconducting nano-absorber, and 

accumulating the imbalanced charge carriers, which tunnel 

through an SIN tunnel junction in an on-chip capacitance. 
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The tunneled quasiparticles are trapped in normal metal and 

could not return back if their energy is lower than the 

superconducting gap of the absorber. The SIN tunnel 

junction has proven to be self-biased in voltage by the energy 

accumulated in the capacitor. The built-up voltage would be 

used for read-out.  The CVC allows a substantial increase in 

the dynamic range by removing incoming power from the 

absorber to normal electrode. 

II. MODEL 

The operation of a CVC with unbiased SIN tunnel junction 

has been analyzed in relation to the CEB with strong 

electrothermal feedback [3-4,9-12]. The system is described 

by a heat balance equation for a superconducting absorber 

coupled to a normal metal by an SIN tunnel junction:  

( )tPPTTPTTP phephepheSIN δ+=+ − 0, )(),(  (1) 

Here, PSIN(V,Te,Tph) is the cooling power of the SIN 

junction, Pe-ph (Te,Tph) is the heat flow from electron to 

phonon subsystems in the superconducting absorber; Te and 

Tph are, respectively, the electron and phonon temperatures of 

the absorber; P0  and  P(t)  are incoming RF power. 

The current components through SIN junction (Fig. 2a) are 

described by a current balance equation: 
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where Ns(E)= |E|/√(E
2
-∆2

) is the normalized density of states 

in the superconductor, ∆  is a superconducting gap, and 

f(E,T)=1/[exp(E/T)+1]. 

In the case of imbalance of quasielectrons and quasiholes, 

the SN current is modified to 
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where Ie0 and Ih0 are current components without imbalance 

and Ki is imbalance coefficient 
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A bolometer is characterized by its responsivity, and a noise 

equivalent power. In the self-biased mode, the responsivity, 

SV, is described by the voltage response to an incoming 

power from Eq. 1 

ω
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P
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V
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.             (5) 

We have made an analysis of a single CVC with power load 

of P0 = 20 fW. Absorbed power would create some 

imbalance of quasielectrons and quasiholes in the absorber 

[14,15]. The CVC is working as an integrator of charge 

tunnelled through the SIN junction in an external 

capacitance:   

s
Cdt

tot
IV ∫=

    (6) 

The time constant is determined by a subgap resistance Rj 

and an external capacitance CS.  After applying an RF signal, 

the voltage is linearly increased and CS is charged by 

tunnelling current ISN.  

The dependence of current components through SIN junction 

on a self-biased voltage is shown in Fig. 2 for imbalance 

coefficient Ki=0.5, tunnel resistance R=1kOhm, T=100 mK 

and Tc=1.2K. The voltage is increased until saturation point, 

VS, where the main tunneling current ISN is compensated by a 

current through leakage resistance, Ileak, and a back current 

INS (Eq. 2).  
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Fig. 2. Three contributions to the SIN tunneling current displayed in the 

occupancy diagram (a) and dependence of these components on a self-biased 

voltage. The saturation voltage, Vs, corresponds to current balance of these 

three components and total current ITOT=0. 

 
As a result, Itot=0 in this point. 

Some asymptotic expressions in the limit VS <<∆/e can be 

obtained for the self-biased voltage as a reaction to the power 

P0 

j
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.     (8) 

and voltage-to-power responsivity 

∆
=

e
j

R

iKvS
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.     (9) 

Due to integration principle (6), the voltage can achieve quite 

high values. The proper tunnel resistance should be selected 

to get optimal noise properties with maximum response (9) 

and to avoid saturation when VS is approaching to ∆. 

Noise properties are characterized by the noise equivalent 

power (NEP), which is the sum of three contributions: 
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Here NEP2
SIN is the noise of the SIN tunnel junctions. The 

SIN noise has three components: the shot noise 2eI/S2
I, the 

fluctuations of the heat flow through the tunnel junction and 

the correlation between these two processes [9]: 
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The second term in Eq.10 is the noise associated with 

electron-phonon interaction [10, 11] and the last term is due 

to the voltage δ V and current δ I noise of the amplifier 

(JFET), which is expressed in nV/Hz1/2 and pA/Hz1/2: 
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III. SIMUATION RESULTS 

A self-biased voltage Vs and voltage response dVs/dT was 

simulated using a heat balance equation (1), current balance 

equation (2) and full expression for SIN junction current. 
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Fig. 3. Dependence of a self-biased voltage, VS, and a thermopower 

responsivity, dVs/dT,  on the imbalance coefficient Ki. 

 

  In dependence on frequency, superconducting gap and 

energy dependence of transparency of SIN tunnel junction, 

the various imbalance coefficients (4) could be realized. The 

Fig. 3 shows dependence of voltage response and NEP 

components on the imbalance coefficient Ki in the range 

from 0.02 to 0.7. The parameters of the SIN junction are the 

same as used in Fig. 2: tunnel resistance R=1kOhm, T=100 

mK and Tc=1.2K.  

The dependence of saturation voltage Vs and noise 

components on junction resistance R are shown in Fig. 4.  
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Fig. 4. Dependence of a self-biased voltage, VS, and noise components on 

junction resistance R. Asymptotic dependence of VS on R (Eq. 8) is shown 

by a dashed line. 

 

 
The voltage VS is deviating from linear asymptotic (8) when 

approaching to ∆. Responsivity Sv is decreased in this region 

that leads to increase of the bolometer noise. The optimal 

NEPtot=3*10
-18

W/Hz
1/2

 is at R=2kOhm. This value is 

comparable with the photon noise level of NEPphot=3.2*10
-

18
W/Hz

1/2
 for 350 GHz. 

 The noise is determined by the noise of SIN tunnel junction 

coursed by transferring of incoming power Po. Voltage 

response in this point is 92 µV. It is not reasonable to 

increase further this response because CVC is approaching to 

the saturation of responsivity near Delta. For a typical value 

of JFET noise of 2 nV/Hz
1/2

, we estimate NEPamp=2*10
-

18
W/Hz

1/2
. Electron-phonon noise is at a very low level of 

2*10
-19

W/Hz^
1/2

 , which is typical for superconducting 

absorbers at low power load. 

         In dependence on frequency, the various imbalance 

coefficients could be realized. The Fig. 5 shows dependence 

of voltage response and NEP components on the imbalance 

coefficient Ki in the range from 0.02 to 0.7.   
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Fig. 5. Dependence of a self-biased voltage, Vs, and NEP components on 

the imbalance coefficient Ki. 
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Voltage Voltage VS is increased approximately linearly when 

Ki is increased. Proportionally, NEPtot is decreased due to the 

dependence of NEPSIN and NEPAMP on SV. NEPe-ph is 

practically not dependent on Ki. These dependences show the 

importance of high branch imbalance for the realization of 

the low noise TEB. The factors required to achieve high 

branch imbalance are: the involvement of self-biased SIN 

junction in process of absorption, application for frequencies 

comparable with ∆, and maximum use of energy dependent 

transparancy of the SIN junctions [15].  

IV. DISCUSSION  

 

The analysed parameters of CVC are promising for the 

creation of series array of bolometers for effective matching 

to a JFET amplifier in analogy to a CEB array [13,16]. The 

series arrays with large number of bolometers (64 or 256) can 

be effectively used for focal plane antenna [5,16]. The typical 

applications are balloon and ground-based telescope with an 

expected power load of 5 pW. Power will be distributed 

between N bolometers, avoiding overheating of bolometers 

and leading to the increase of total responsivity. The great 

advantage is also the zero dc impedance of superconducting 

absorbers in the array of N bolometers in contrast to 

bolometers with resistive absorbers. Zero-biased CVC could 

overcome problems of overheating for large format arrays of 

detectors (up to 100x100 pixels) due to the absence of bias 

heating the cold stage.   

V. CONCLUSIONS 

 

In conclusion, a novel concept of the CVC-TEB with SIN 

tunnel junction and superconducting absorber provides 

important advantages. The CVC is acting in a new mode as 

an integrator of charge in an external capacitance and could 

give high voltage response and good noise performance. By 

operating in a zero-biased mode, it reduces power 

dissipation, simplifies schematic, and paves the way to large 

scale multi-pixel arrays. Practical limitations, including 

imbalance coefficient and role of an SIN tunnel junction in 

quasiparticle excitation, have yet to be determined.  
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Abstract— Lumped-element kinetic inductance detectors 
(LEKIDs) have recently shown considerable promise as direct-
absorption mm-wavelength detectors for astronomical 
applications.  One major research thrust within the Néel Iram 
Kids Array (NIKA) collaboration has been to investigate the 
suitability of these detectors for deployment at the 30-meter 
IRAM telescope located on Pico Veleta in Spain. In order to 
optimize the LEKIDs for this application, we have recently 
probed a wide variety of individual resonator and array 
parameters through simulation and physical testing.  This 
included determining the optimal feed-line coupling, pixel 
geometry, resonator distribution within an array (in order to 
minimize pixel cross-talk), and resonator frequency spacing.  
Based on these results, a 32-pixel Aluminum array was 
fabricated and tested in a dilution fridge with optical access, 
yielding an average optical NEP of ~1 x 10-15 W/Hz^1/2.   

I. INTRODUCTION 

Since 2003 kinetic inductance detectors (KID) are considered 
as promising alternative to classical bolometer for mm and 
sub-mm astronomy [2]. Photons, with energy higher than the 
gap energy (E=h⋅v>2∆), break cooper pairs in a 
superconducting film. This leads to an increase in number of 
quasi particles, which changes the surface reactance of the 
superconductor (kinetic inductance effect) [6]. 

 
Fig. 2  Principle of KIDs. Solid lines: under dark conditions; dashed line: 
optical load of 300 K. 

One possibility to make advantage of this effect is to use a 
superconducting resonant circuit as detecting element. A 
measurement of such a resonator coupled to a transmission 
line is shown in Fig. 1. An illumination of he detector leads 
to a shift in resonance frequency f0, which can be measured 
through a change in amplitude and phase. One advantage of 
KIDs is the easy fabrication process. Due to only one 
metallisation layer on a substrate, it is less complicated 
compared to bolometer fabrication. Another advantage of 
KIDs resides in the readout system. Frequency multiplexing 
allows the readout of a large number of resonators. Packed in 
a limited bandwidth, a single transmission line is sufficient to 
read out several hundreds of pixel. 
 

  
 
Fig. 1  LEKID geometry. Enlarged left hand side: coupling area; right hand 
side: interdigital capacitor. 
 
In Fig 2, one resonator design, a so-called lumped element 
kinetic inductance detector (LEKID) is shown. Simon Doyle 
first proposed this type of resonator in 2008 [1]. Compared to 
other microwave resonators (quarter wavelength resonator 
[3]), this type consists of a long meandered line, the inductive 
part, and an interdigital capacitor.  A very high and constant 
current density over the whole length of the meander makes 
this part a very sensitive direct detection area. The optical 
efficiency can be optimised by changing the geometry of the 
meander. Therefore, there are no lenses or antenna structures 
necessary to couple the incoming microwaves into the 
resonator.  
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The NEEL IRAM KIDs array (NIKA) is a collaboration 
of several groups to develop a multi pixel camera based on 
kinetic inductance detectors for the IRAM 30m telescope 
located in Spain [4]. Here we present the development of a 
LEKID array for NIKA. Measurement results of electrical 
(coupling, frequency distribution) and optical 
characterization (optical coupling, NEP) are presented in this 
paper. 
 
 

II.  CHARACTERIZATION OF LEKIDS 

 

A. Electrical characterization 

To test parameters like coupling strength and frequency 
tuning, several test arrays were designed. In  
Fig. 3 one of the 6-pixels test chip is shown. The samples 
were fabricated with a 60 nm Nb film that on top of a high 
resistance (>5kOhms) silicon substrate. The critical 
temperature of Nb (Tc=9.2K) allows measuring the samples 
in liquid Helium (T=4.2K). Due to a pumping system, 
connected to the cryostat, a minimum temperature of 2 K was 
reached for the measurements of the Nb-samples. 
 

 
Fig. 3 Layout of a 6-pixel LEKID array for the el. characterization. 

To investigate the coupling of a LEKID to a transmission line 
we varied the width of the ground plane between the 
transmissions line and the meander (see Fig. 2). In Fig. 4 the 
measurement curves of two resonators with different 
couplings are shown. The resonance dip of the solid line is 
much deeper, due to a stronger coupling. The intrinsic quality 
factor, Q0, was calculated to be 105 for the 60 nm Nb film @ 
2K. The coupling quality factor for the less coupled resonator 
was determined to be ~150 000, for the stronger coupled 
~80 000. 

 
Fig. 4 Measurements of two LEKID arrays with different couplings (one 
resonator of each array). Dashed line: 20 µm ground plane; solid line: 10 µm 
ground plane. 

Another important factor, in order to pack as many resonators 
as possible in a limited bandwidth, is the frequency spacing 
between the resonances. Therefore, it is necessary to be able 
to simulate the frequency tuning before making the design 
for a big array to avoid overlapping resonances. The 
simulations [8] showed a non-linearity in frequency tuning 
when the number of fingers of the capacitor is too low. In 
Fig. 5 the comparison of simulation and measurement is 
shown for two different arrays.  

 
Fig. 5  Comparison of simulation (dashed lines)[8] and measurement (solid 
lines) to investigate the frequency tuning by changing the number and length 
of the capacitor fingers. I) bandwidth ~1 Ghz; II) bandwidth: ~300 Mhz. 

The resonances of sample (I) are distributed in a 
bandwidth of ~1 Ghz. For the second array (II) a bandwidth 
of ~300 Mhz was chosen. A shift of the simulated resonances 
to higher frequencies is due to the value of the kinetic 
inductance (Ls) in sonnet. In I), the highest two resonance 
frequencies are less shifted compared to the others, the 
reason for that is the limited bandwidth of the amplifier. 
Beside these explainable shifts, Fig. 5 shows a good 
agreement between simulation and measurement. Further is 
there a number of fingers that should not be decreased in 
order to avoid a shift of the resonances to much higher 
frequencies. In this case the number of fingers of the 
capacitor was varied from three to nine. In between, the 
length of the fingers was varied as well. 

 

B. Optical characterization 

Based on the measurement of the Nb test array, a 32-pixels 
array was designed for optical characterization of the 
LEKIDs. The arrays were fabricated and tested in a dilution 
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fridge with optical access. They were made with an 
aluminium film (Tc=1.2K) on a high resistance (>5kOhms) 
silicon substrate. Two different arrays were fabricated, one 
with a metallization thickness of 40 nm, the second one with 
60 nm thick film.  A schematic of the optical measurement 
setup is shown in Fig. 6. On a XY-table, a so-called sky 
simulator is placed. It consists of a mirror (A), a chopper (B) 
and a box filled with liquid nitrogen (D). In the box there is 
an absorber material (C) with a hole of 1 cm in diameter in 
the centre. This configuration was built to be as close as 
possible to the background conditions at the telescope. The 
cryostat itself is a 3He-4He-dilution fridge with a minimum 
temperature of T=100 mK. Between the focal plane (F), 
where the array is mounted, and the optical access, there are 
several filters allowing to cut the IR load and to define the 
bandwidth of 125-170 GHz. 

  

 
Fig. 6  Configuration of the cryostat and the XY-translator. A) Mirror, B) 
Chopper, C) Absorber with a hole of 1 cm of diameter, D) Liquid nitrogen, 
E) Optical filters for a bandwidth from 125 to 170 GHz, F) LEKID array in 
the focal plane at the 100 mK stage. 

In Fig. 7 a schematic of the measurement configuration, 
including the readout electronics [5], [7], is shown. The 
frequencies are digitally created in the FPGA in a limited 
bandwidth of 45 MHz before they are DA-converted. To 
excite the resonators the frequencies are up-converted to the 
actual resonance frequencies using an IQ-mixer (C) and a 
synthesizer (A). After the signal has passed the cryostat, it is 
amplified (E) at 4K and at room temperature. To readout the 
signal, it has to be down-converted (C) to the original 
bandwidth of the FPGA. In the FPGA a Fast Fourrier 
transformation is done to separate each resonator signal. 
 
 

 
Fig. 7  Basic measurement schematic: A) High-frequency synthesizer, B) 
Splitter, C) IQ-Mixer, D) Attenuator, E) Amplifier and F) Low-pass filter. 

 

 
Fig. 8  Mounted 32-pixel array in a gold plated copper sample holder. 

    Fig. 8 shows the 32-pixel array mounted in a gold plated 
copper sample holder. To optimize the optical absorption, a 
back-short cavity was mounted in a calculated distance, 
d = lambdaeff/4, to the array. To check the distribution of the 
resonances, a frequency scan was done, as shown in Fig. 9. 
Due to fabrication errors and parasitic magnetic fields, the 
resonances are not equally spaced. For this array 30 out of 32 
resonators worked. We calculated an average intrinsic quality 
factor of Q0≈105 and a loaded quality factor of QL≈50 000. 
After we did an optical scan, using the XY-table and the 
chopper, over the whole area of the array to determine the 
location of each pixel. During the scan, the phase response of 
each pixel changes, depending on the position of the table.  

 
Fig. 9  Frequency scan (S21) over all resonance frequencies of  the array.  

 
In Fig. 10 the location of the maximum response of each 
pixel is plotted over the fabricated array. This beam pattern 
shows a good agreement in pixel distribution compared to the 
real array. Double resonances can cause calculation errors in 
the FPGA, leading to a wrong location of the pixel in the 
XY-plane (as seen in Fig 10).  
 

 
Fig. 10  Beam pattern of the 32-pixel LEKID array. Dots: Position of 
maximum optical response of each pixel  

The spectrum of the phase noise of the array is shown in 
Fig. 11. The roll-off above 30 Hz is related to the read-out 
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electronics rate. We calculated an average detector phase 
noise at 1 Hz of 5 mdeg/Hz1/2. With an average phase signal 
of 5 degree and  

τ
1

/ NS

P
NEP= , 

 
the optical Noise Equivalent Power (NEP) was determined to 
be around 1×10-15 W/Hz1/2for the 40 nm thick film. With P 
the optical power on one pixel, the signal to noise ratio S/N 
and the integration time τ of the Fourrier transformation. We 
gained a factor of 2 in NEP by reducing the film thickness 
from 60 nm to 40 nm. The kinetic inductance in the meander 
line increases due to a smaller volume of the line. A higher 
kinetic induction fraction α leads to a higher sensitivity.  

 

 
Fig. 11  Spectrum of the phase noise of each pixel without the chopper.  

III. CONCLUSIONS 

The promising measurement results presented in this paper 
show a high potential of the LEKIDs for mm and sub-mm 
detection. The easy fabrication and the Frequency-
Multiplexing make them feasible for developing arrays with 
several hundreds of pixels. The good agreement between 
simulations and measurements makes it possible to simulate 
the design of a much bigger array.  
In October 2009 a 30-pixel LEKID array was tested at the 
IRAM 30 m telescope in Spain and achieved first 
astronomical results [4]. 
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Abstract— We have developed a 16-element, 97GHz, low-
noise Transition Edge Sensor (TES) module that can be 
packed easily into large-format polarimetric imaging arrays. 
The technology was developed originally for the low-
frequency instrument of the CLOVER experiment, which 
was aimed at searching for the signature of primordial 
gravitational waves in the polarisation state of the Cosmic 
Microwave Background Radiation. Each module contains 16 
slotline and microstrip-coupled TES bolometers, allowing 
eight polarimetric pixels with external waveguide OMTs, 
along with time-domain multiplexed SQUID readout.  Here 
we describe the design of the modules, and explain how they 
were realised in practice, detailing some of the technology 
developed along the way. Performance was measured by 
following two parallel paths: (i) detailed characterisation of 
individual detectors using an exceedingly well understood, 
fully modelled, analogue SQUID readout system, and (ii) 
simultaneous measurements of the entire module using 
CLOVER's multichannel readout electronics. We describe 
the results of measurements on one of the modules, with an 
emphasis on uniformity of performance, and we assess the 
effect of non-uniformity on the operation of a complete 
array. Although the technology was developed in the context 
of CLOVER, the work has consequences for many 
instruments including future space telescopes such as BPol. 

I. INTRODUCTION 

A. Scientific Motivation 
Thomson scattering of radiation in the early Universe 

can lead to linear polarization [1] in the cosmic microwave 
background (CMB).  The polarization depends on density 
fluctuations, and thus carries cosmological information 
which is complementary to the well-studied temperature 
anisotropies of the CMB.  The linear polarization may be 
decomposed into a curl-free part and a divergence-free 
part, denoted E- and B-mode respectively.  The ratio of the 
E- to B-mode polarisation r is proportional to the energy 
scale of inflation.   The CLOVER experiment aimed to 
detect the signature of primordial gravitational waves in 
the B-mode polarisation of the CMB [2], [3] or to place an 
upper limit on r of 0.026 in an angular multipole range of 
20 < ℓ < 1000 (8’ to 10º). 

B. Overview of CLOVER 
The CLOVER experiment, which was cancelled at an 

advanced stage, is described in detail elsewhere [4], [5]. 
CLOVER consists of two telescopes (see Fig. 1), each 
with compact range antenna optics that have been 
designed to have extremely low sidelobes and cross-
polarisation [6].  One telescope (the low-frequency or LF 
instrument) observes at 97 GHz and the other (the HF 
instrument) has a mixed focal plane containing detector 
modules sensitive in the 150- and 220-GHz bands. 

 

 
Fig. 1 Drawing of CLOVER at its site in the Atacama Desert. 

 
To detect the extremely weak B-mode signal, CLOVER 

requires detectors with low enough NEP so that the 
instrument NEP is dominated by unavoidable sources of 
background photon noise (~3×10-17 W/√Hz at 97 GHz).  
To achieve this sensitivity CLOVER uses bolometers with 
superconducting transition edge sensors (TES) [7] 
operating with a bath temperature of 100 mK.   The 
detectors are cooled in two cryostats by a pulse-tube 
cooler, He-7 sorption fridge, and miniature dilution fridge 
[8].   The cryostat for the LF instrument is shown in Fig. 2. 
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Fig. 2 CLOVER’s LF cryostat. 

 
CLOVER's two focal planes are populated by 

hexagonal arrays of corrugated feedhorns (see Fig. 3).   
 

 
Fig. 3 The full set of 96 corrugated feedhorns for the LF focal plane. 

The low-frequency (LF) telescope’s focal plane was to 
be populated with the detector modules discussed in this 
paper.  The high-frequency (HF) telescope was to have a 
dual-frequency focal plane with a mixture of modules 
carrying detectors sensitive in the 150 or 220-GHz bands.   

Orthomode transducers (OMT) separate the signal 
collected by each horn into two polarisations.  In the LF 
telescope waveguide OMTs divide the two polarisations 
from each horn between two rectangular waveguides 
which each feed a finline-coupled detector [9].  Fig. 4 
shows eight of these OMTs mounted on a LF detector 
module.   

The high frequency channels use polarisation-sensitive 
detectors of a different architecture: four rectangular 
probes in a circular waveguide [10].  In this paper we 
concentrate on the LF instrument.  The HF instrument was 
also at an advanced stage of readiness when the project 
was cancelled, although mass-production of the detector 
modules had not yet started.  

 

 
Fig. 4 LF detector module with OMTs. 

Because of the large number of TESs to be read out 
(192 at each frequency) we use time-domain multiplexing 
in order to have a manageable number of wires from room 
temperature.  The TESs are read out by 1×32 SQUID 
multiplexers [11], [12], [13] fabricated by the National 
Institute of Standards and Technology (NIST).  Further 
amplification is provided at the cold end by SQUID series 
arrays [14], also fabricated by NIST. 

All the multiplexer chips in each of CLOVER's two 
telescopes share address lines, significantly reducing the 
number of wires needed to room temperature.  The 
Nyquist inductors, which provide antialiasing filtering, 
and the shunt resistors that provide voltage biasing, are 
contained in separate chips.  All of these chips are 
mounted on a PCB at 100 mK and connections are made 
to the detectors by aluminium wire bonds.  The SQUID 
series arrays are mounted in eight-chip modules which 
provide the necessary magnetic shielding.  Because of 
their higher power dissipation (1 µW per series array 
compared with 16 nW per multiplexer chip) these modules 
are heat-sunk to the still of the dilution refrigerator and 
they are connected to the multiplexer PCB with 
superconducting NbTi twisted pairs.  Room-temperature 
multi-channel electronics (MCE) developed by the 
University of British Columbia, provides SQUID control 
and readout as well as TES bias [15].  CLOVER's MCE is 
similar to that used by SCUBA-2 [16]. 

II. DETECTOR DESIGN 

A. Requirements 
For maximum sensitivity, we require that the detectors 

be background-limited, i.e. the contributions to the noise 
equivalent power (NEP) from the detectors and readout 
must be less than the NEP due to unavoidable sources of 
photon noise: 

NEPdet
2 + NEPro

2 ≤ NEPphoton
2. 

Once the detectors are background-limited, the only 
way to improve the sensitivity is to increase the number of 
detectors.  96 pixels are needed at each frequency to meet 
CLOVER's sensitivity requirements.  The LF instrument 
has two finline detectors per pixel (one for each 
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polarisation).  In the HF instrument there is one 
polarisation-sensitive OMT detector chip per pixel which 
measures both orthogonal polarisations.  Thus, the LF 
instrument has 192 finline detectors and the HF instrument 
has a total of 192 planar OMT detectors.  We require a 
detector time constant faster than 1 ms to satisfy the 
scanning requirements. 

Also, the detectors must be able to absorb the power 
incident from the sky without saturation.  This power is 
variable and depends on the weather.  The power-handling 
requirement is for the detectors to be able to operate for 
75% of the time at the site.  We have allowed a 70% 
margin on this to account for uncertainties in the sky 
background at the site. This means that our target power 
handling for the LF detectors is 11.4 pW, rather than the 
predicted background level of 6.8 pW. The detector 
requirements are summarised in Table I. 

TABLE I  

CLOVER DETECTOR REQUIREMENTS AT THE THREE OPERATING 
FREQUENCIES. 

Centre 
Frequency 
(GHz) 

97 150 220 

Band (GHz) 82—112 127—172 195—255 
Number of pixels 96 96 96 
NEPbackground 
(10-17 W/√Hz) 2.9 4.9 8.9 

Power Handling 
(pW) 11.4 20 32 

 
To meet these requirements we chose targets of 

Tc = 210 mK and G ≥ 215 pW/K for the transition 
temperature and thermal conductance of the LF detectors.  
With those values of Tc and G the phonon NEP would be 
~2×10-17 W/√Hz.  Table I shows that the sensitivity 
requirement is most strict on the 97-GHz detectors 
because of the lower sky background in the LF band.  
Meeting the sensitivity requirement for the 97-GHz 
detectors demonstrates our ability to meet the sensitivity 
requirement at the other two frequencies. 

B. Detector Format 
Rather than fabricating monolithic arrays we decided to 

make individual detectors so that we could guarantee a 
100% functioning focal plane, which is important for 
meeting the sensitivity requirement.  Having individual 
detector chips allows us to select the best ones for 
inclusion in the instrument.  Also, because the detectors 
are much smaller than the horns in the focal plane, a 
monolithic array would have large, inactive areas between 
detectors, which would make fabrication of the detectors 
extremely inefficient. With hundreds of detectors needing 
to be mass-produced we decided to produce individual 
detectors that could be packed close together on a wafer to 
maximise processing efficiency.   

C. TES Design 

The TES films in CLOVER are Mo/Cu proximity-effect 
bilayers with normal copper banks to define the edges of 
the TES.  The transitions of the bilayers can be made as 
sharp as 1—2 mK for high sensitivity.  We can also tune 
the transition temperature (Tc) of the films to the desired 
value by choosing the film thicknesses.  The transition 
temperature Tc and thermal conductance G of CLOVER's 
detectors are chosen to meet the NEP and power-handling 
requirements operating with a bath temperature of 
100 mK.   

CLOVER's bolometers are on low-stress silicon nitride 
islands suspended by four legs for thermal isolation (see 
Fig. 5).  The nitride is 0.5 µm thick.  The thermal 
conductance to the thermal bath is controlled by the four 
nitride legs.  A microstrip carries RF power to the 
bolometer and is terminated by a 23-Ω AuCu resistor 
which dissipates the incoming power as heat that the TES 
can detect.  A shunt resistor in parallel with the TES 
ensures that it is voltage biased so that it operates in the 
regime of strong negative electrothermal feedback. For 
example, if the temperature drops, so does the resistance 
of the TES. Since it is biased at constant voltage, this 
means that the current, and hence the Joule power, will 
increase, heating up the TES. Conversely, if the 
temperature increases the resistance will increase, 
reducing the current, and thus the Joule heating. This 
means that the TES operates at a bias point that is in a 
stable equilibrium. Thus, the TES is self-biasing, and the 
electrothermal feedback speeds up the response of the 
detector and cancels out temperature fluctuations, which 
has the effect of suppressing the noise.    

Copper fingers extend from the normal copper banks 
most of the way across the TES from opposite edges (see 
Fig. 5).  The purpose of these is to improve thermalisation 
of the TES film and suppress excess noise due to internal 
thermal fluctuations. The dark NEP we measure for these 
TESs is consistent with what we expect from the known 
Johnson and phonon noise sources [17].   

 

 
Fig. 5 CLOVER TES bolometer. 

D. On-Chip Heaters 
Fig. 5 shows two resistors terminating microstrips on 

the nitride island.  One of these carries RF power from the 
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sky and the other is the on-chip heater which is used to 
inject DC power into the device. 

The TES will be driven into the normal state or 
saturated when enough power is incident on it.  This 
saturation power is the sum of the bias (and heater) and 
sky power.   The sky power is variable and depends on the 
weather at the site.  To operate efficiently CLOVER needs 
to be able to observe when the sky background power is 
high without losing the ability to observe in good weather 
when it is low.  Also, for best performance the power 
incident on the detectors should be kept approximately 
constant so that their responsivity does not vary.  The on-
chip heaters are used to compensate for changes in the sky 
background.  The heater power is increased in good 
weather when the sky opacity is low and decreased in bad 
weather when the sky background is high so that the total 
power incident on the detectors remains approximately 
constant.  The on-chip heaters are also extremely useful 
for calibration because they allow us to inject a known 
amount of DC or pulsed power directly into the detectors. 

E. RF Design 
Fig. 6 shows one of CLOVER’s 97-GHz detector chips. 

The chip sits in a rectangular waveguide that has small 
support slots cut in its walls. A unilateral finline transition 
[18] couples RF power from the waveguide to a slotline.  
A closer view of the transition is shown in Fig. 7.  The 
slotline is coupled to a microstrip by a radial-stub 
transition.  The microstrip is terminated on the silicon 
nitride island by a matched resistor where the RF power is 
detected by the TES. The finline has serrations where the 
chip sits in the support slots to prevent the propagation of 
higher-order modes.  The measured optical efficiency of 
these detectors is about 60%. 
 

 
Fig. 6 CLOVER 97-GHz detector chip.  The chip is 10 mm long. 

 

 
Fig. 7 The unilateral finline and the slotline to microstrip transition. 

F. Detector Fabrication 
The detectors are fabricated [19] on 2” silicon wafers 

that are 225 µm thick (see Fig. 8).  The overall yield is 
very high and we have already mass produced all of the 
detectors needed to populate the LF focal plane. We have 
found no evidence of any change in the Mo/Cu TES 
properties on a timescale of years and after numerous 
thermal cycles. 

 The chip outline and the well in which the nitride 
island sits are defined by deep reactive ion etching 
(DRIE).  All of the processing steps are carried out in the 
Detector and Optical Physics Group in the Cavendish 
Laboratory at Cambridge, except for the DRIE, which is 
done at the Scottish Microelectronics Centre in Edinburgh.   

 

 
Fig. 8 30 detectors fabricated on a 2" wafer. 

III. DETECTOR PACKAGING 

A. Detector Mounting 
In order to take advantage of the fact that we are using 

discrete detectors that can be replaced it is necessary to 
mount them in such a way that they can be easily replaced 
in a module without disturbing the others.  We thus 
mounted each detector chip on its own individual 
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chipholder as shown in Fig. 9.  The chipholders are made 
of gold-plated copper and are fixed to the detector block 
with brass screws.  The detector chips are glued to the 
chipholders using Stycast 1266 epoxy.  The chipholders 
have been carefully designed to prevent the adhesive 
spreading to places where it might cause problems. 

With this mounting scheme it is possible to replace 
individual detectors in a module without disturbing the 
others.  This means that once we have characterised the 
detectors we can rearrange them, replacing some if 
desired, according to their properties to optimise the 
performance of the array. 

 

 
Fig. 9 Individual chipholders showing features for controlling spread of 
epoxy. 

 

B. LF Module design 
The finline detectors are packaged in linear modules 

containing 16 detectors (Fig. 10, Fig. 11).  The detector 
block comes in two halves, upper and lower.  When these 
are put together they form split-block waveguides (Fig. 
12), into which the finlines protrude.  The edges of the 
finlines stick into shallow slots in the sides of the 
waveguides for grounding.  To prevent unwanted modes 
from propagating the WR10 waveguide is tapered to a 
reduced height of 1.1 mm (from 1.27 mm).   

In the design of the detector module careful attention 
has been paid to protecting the detector chips from the 
effects of differential thermal contraction. 

Aluminium wire bonds provide electrical connections 
from the detector chip to a PCB carrying the multiplexer, 
inductors, and shunt resistors. These three chips are held 
in place on the PCB with G-10 clamps. The PCB has gold-
plated copper tracks and as much of the copper as possible 
is left on the board to help with heatsinking.  The gold is 
deposited by electroplating in order to avoid the use of a 
nickel undercoat.  The traces are tinned with solder to 
make them superconducting.  The PCB is enclosed in a 
copper can (Fig. 13) and the module is covered with 
niobium foil for magnetic shielding. 

This scheme has the apparent disadvantage that it 
under-uses the 1×32 multiplexer chips by a factor of two, 

increasing the number needed.  However, because we are 
not using all of the first-stage SQUIDs on a multiplexer 
chip, we can connect the detectors to those SQUIDs that 
have the most similar critical currents.  This optimises the 
first-stage SQUID biasing, reducing the noise contribution 
from this stage of the readout.  Reducing the number of 
detectors multiplexed by each multiplexer chip also 
reduces the aliased readout noise, improving the NEP.  
Another advantage of under-using the multiplexer chips is 
that we can use multiplexer chips in which not all of the 
first-stage SQUIDs are functioning. 

Fig. 14 and Fig. 15 show how the detector modules fit 
together to populate the focal plane.  Individual modules 
can be removed from the focal plane or  replaced either for 
maintenance, or to reconfigure the experiment.  The 
modules have detachable handles to make removal easier. 

 

 
Fig. 10 LF detector module showing 16 detectors sitting in the lower 
block. 

 

 
Fig. 11 Closer view of detector chips in LF module. 
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Fig. 12 Close-up view of assembled LF detector module showing split-
block rectangular waveguides and circular alignment holes. 

 
Fig. 13 Seven LF detector modules fully populated with a total of 112 
detectors. 

 
Fig. 14 Drawing of the LF focal plane populated with twelve detector 
modules. 

 
Fig. 15 Drawing of the LF focal plane viewed from the back showing 
how the twelve detector modules fit together. 

IV. PERFORMANCE 

A. Testing 
We have a dedicated test cryostat for mass-testing the 

science-grade detector modules.  The cryogenics are 
similar to those in the final instrument, comprising a 
pulse-tube cooler, He-7 sorption fridge, and miniature 
dilution fridge.  This allows us to test the detectors under 
realistic conditions and to validate CLOVER's cryogenics.  
The refrigerator can be operated remotely, and can reach a 
temperature of about 70 mK with a hold time of about 
eight hours. The cryostat has a large test volume and 
contains SQUID series arrays and associated wiring to 
read out up to eight detector modules or 128 TESs at once.   

There is an internal black-body illuminator for optical 
tests.  This illuminator has a conical radiator for high 
efficiency and two low-pass filters for defining the 
bandpass.  We have paid careful attention to the thermal 
design of this illuminator to minimise its effect on the 
thermal performance of the refrigerator.  The filters are 
mounted on nested radiation shields and these shields are 
heatsunk at 350 mK and 1 K stages of the He-7 sorption 
fridge.   

The test bed also has two parallel sets of warm readout 
electronics (the MCE and an analogue system) so that we 
can characterise fully the entire readout chain from the 
detectors up to room temperature.  Unlike the MCE, the 
analogue electronics does not multiplex, but can be 
switched between three columns and three rows.  
However, it is more versatile and convenient for 
characterising the TESs and SQUIDs.  For example, it can 
lock on any of the three SQUID stages, while the MCE is 
designed to lock on the first-stage SQUID only.  In this 
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paper we present results obtained with both sets of 
electronics. 

 

B. Results 
We characterised all of the detectors in a LF module 

using both the analogue readout electronics and the MCE.  
It is important not only that the detectors have transition 
temperatures and conductances close to the targets of 
Tc = 210 mK and G ≥ 215 pW/K but also that these 
parameters are uniform across the array. The TES bias and 
heater supplies are common.  There are three of each for 
the whole array.  This means that the detector parameters 
must be uniform enough for all of the detectors to be 
operated simultaneously with common TES bias and 
heater supplies. Fig. 16 shows the measured transition 
temperature for the module.  The row number corresponds 
to the detector’s position in the module.  The average 
transition temperature is 207±7 mK. 

 

 
Fig. 16 Measured transition temperatures of TES detectors in module.  
The solid line represents the target of 210 mK 

Fig. 17 shows the measured thermal conductances.  The 
average value is G = 229±34 pW/K.  The detector in 
position 6 has a conductance about half that of the other 
detectors.  The reason for this is that this detector broke 
between the first and second thermal cycles of the module.  
Only two of its nitride legs were then intact so that its 
thermal conductance was halved.  It should be noted that 
this is an extremely rare event: only two detectors out of 
hundreds have failed in this way.  We have found that two 
thermal cycles will identify any detectors that should be 
replaced; no detector that survived two thermal cycles has 
ever failed even after numerous further cycles. 

 

 
Fig. 17 Measured thermal conductances of TES detectors in module.  The 
solid line represents the target of 215 pW/K. 

Fig. 18 shows the heater power required to saturate the 
detectors in the module when operated with a bath 
temperature of 100 mK.  The average value is P100 = 
13±2 pW.  When the optical efficiency of 60% is taken 
into account all of the detectors have power handling 
comfortably larger than 11.4 pW, except for the broken 
detector in position 6. 

 

 
Fig. 18 Measured power handling of TES detectors in module.  The solid 
line represents the target of 11.4 pW. 

Fig. 19 shows the response of the detectors to power 
injected into the on-chip heaters. The heater power has 
been divided by the optical efficiency (60%) to show the 
response to incident radiation. The detectors were operated 
with a fixed bias of 191 nV and read out simultaneously 
with the MCE.  The curve for each detector has a linear 
region where the TES is biased on its transition.  The slope 
of this linear region is the responsivity of the detector.  At 
higher powers the curves flatten out as each TES becomes 
saturated and the responsivity decreases to close to zero.  
The curves do not extend all the way down to zero heater 
power.  This is because either the electrical circuit has 
become unstable low on the transition where the L/R time 
constant becomes long or the TES is in the 
superconducting state.  The linear region of each curve 
shows the range of heater powers over which we can 
operate the detectors.  The vertical solid line in Fig. 19 is 
the power handling target of 11.4 pW.  Clearly the 
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detectors can be operated simultaneously over a 
comfortable range of heater powers around this target.  We 
therefore conclude that the detectors are sufficiently 
uniform to be operated in an array.   

It should be noted that we have made no attempt to 
select detectors with similar properties when populating 
this module; the 16 detectors were chosen at random 
before their properties were known.  It has always been 
intended that before delivery to the telescope the detectors 
would be characterised and replacements made if 
necessary to optimise the sensitivity of the array.  The fact 
that we obtain the required uniformity without any 
detector selection means that a 100% functional focal 
plane is readily achievable for CLOVER. 

 

 
Fig. 19 Response of TES current to power injected into the on-chip 
heaters.  The vertical line shows the 11.4-pW power-handling target. 

V. CONCLUSIONS 
We have successfully mass-produced all of the 

detectors for the LF focal plane and integrated them into 
detector modules.  We have demonstrated that these 
detectors have the required power-handling, NEP, and 
optical efficiency for ground-based CMB polarimetry, 
with sufficient uniformity in the detector parameters that 
they can be operated simultaneously with common TES 
bias and heater lines. 

While this paper has concentrated on the LF detector 
modules, it should be noted that the CLOVER team has 
produced an essentially complete instrument which would 
be expected to be very successful if deployed.  Everything 
from detector modules, OMTs, feedhorns, filters, and 
readout electronics through to the mirrors and telescope 
mounts has been manufactured and tested and is ready for 
integration.  Also, a large body of software has been 
produced for the automatic acquisition and analysis of data 
as well as extensive modelling work.  All of this work will 
be relevant to any future CMB polarisation experiments. 
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Abstract—The next generation of ultra-low-noise cryogenic
detectors for space science applications require continued ex-
ploration of materials characteristics at low temperatures. The
low noise and good energy sensitivity of current TransitionEdge
Sensors (TESs) permits measurements of thermal parametersof
mesoscopic systems with unprecedented precision. We describe a
radiometric technique for differential measurements of materials
characteristics at low temperatures (below about3K). The
technique relies on the very broadband thermal radiation that
couples between impedance-matched resistors that terminate a
Nb superconducting microstrip and the power exchanged is
measured using a TES. The capability of the TES to deliver
fast, time-resolved thermometry further expands the parameter
space: for example to investigate time-dependent heat capacity.
Thermal properties of isolated structures can be measured in
geometries that eliminate the need for complicating additional
components such as the electrical wires of the thermometer itself.
Differential measurements allow easy monitoring of temperature
drifts in the cryogenic environment. The technique is rapid to
use and easily calibrated. Preliminary results will be discussed.

I. I NTRODUCTION

The problem of characterizing the thermal properties of
mesoscopic thin-film structures at low temperatures (below
3 K), in particular their thermal conductances and heat capacit-
ies as a function of temperature, remains one of the key chal-
lenges for designers of ultra-low-noise detectors. This problem
is not confined exclusively to the detector community.[1]
These measurements require small, easily fabricated, easily
characterized thermometers. Techniques are already used such
as Johnson noise thermometry (JNT) using thin film resistors
as noise sources with dc-SQUID readout or measurements
of thermal properties using Transition Edge Sensors (TESs)
but both have practical limitations. JNT can perform measure-
ments over a reasonable temperature range and is in principal
a primary thermometer but is in practice secondary because
of stray resistance in the input circuit to the SQUID that must
be calibrated. The achievable measurement precision,σT , for a

source at temperatureTs is given by the radiometer equation

σ2
T =

T 2
s

tm∆f
(1)

wheretm is the measurement time and∆f is the measurement
bandwidth.[2], [3] In practice the bandwidth is limited by the
source resistance and the input inductance of the SQUID to
a few 10’s of kHz. This givesσT ≃ 3 mK for Ts = 500 mK
with tm = 1 s. This is the precision that we found in
practice.[4] TESs can be used to determine conductances by
measuring the power dissipated in the active region of the
device where electrothermal feedback (ETF) stabilizes the
TES at its transition temperature,Tc, as a function of the
temperature of the heat bath,Tb. These measurements are
widely reported particularly in the context of measurements
of the thermal conductance of silicon nitride films, but a key
limitation is that the technique measures thermal properties
averaged over a large temperature difference (i.e. betweenTc

and Tb) and the films under study must support additional
(generally superconducting) metalization to provide electrical
connection. A problem arises if the thermal properties are
themselves a function of temperature. A technique for meas-
uring conductances or heat capacities of micron-scale objects
rapidly over a reasonable temperature range without additional
overlying films certainly seems to be required. The proposed
technique permits true differential measurements of conduct-
ance (i.e with small temperature gradients), in a geometry
without complicating additional metalization. Measurements
of heat capacities are also possible. The technique is easy to
implement, simple to calibrate and rapid to use.

We recently demonstrated highly efficient coupling of very
broadband thermal power between the impedance-matched
termination resistors of a superconducting microstrip transmis-
sion line.[5] The efficiency of a short microstrip (l ≃ 2 mm
was better than 97% for source temperatures up to1.5 K.
When the coupling efficiency is very high the power trans-
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Fig. 1. Thermal circuit of a simple geometry.

ferred along a superconducting microstrip between a source
and a TES can be used as a fast, accurate thermometer. [6] The
practical temperature sensitivity is determined by the TESlow-
frequency Noise Equivalent Power,NEP (0). The limiting
temperature sensitivity is determined by the very-wide radio-
frequency bandwidth of the microstrip coupling so that we
substitute∆f → ∆ν in Eq. 1 and∆ν = 34.5/Ts GHz/K is
the equivalent rf-bandwidth of a blackbody source at temper-
atureTs.

II. TES THERMOMETRY

We begin by reviewing the technique of TES thermometry
for a simple geometry. In section II-B we describe the full
thermal circuit used in the measurements of conductances. In
sections II-C and II-D we describe how the conductances are
determined experimentally.

A. A simple geometry

A thermal circuit for a simple geometry for TES ther-
mometry is shown in Fig. 1. A source of total heat capa-
city Cs which could be a thermally isolated silicon nitride
(SiNx) island is connected to a TES also formed on aSiNx

island by a conductance formed from a resistively-terminated
superconducting microstrip. Broadband power is transferred
between the impedance-matched termination resistors of the
microstrip which has thermal conductanceGm. Over a portion
of its length the microstrip crosses the Si substrate so thatany
phonon conductance is efficiently heat sunk to the bath.Gm

arises from conduction due to photons. The source and TES
are connected to a heat bath at temperatureTb by conductances
Gs andGsb respectively which include the contribution from
the phonon conductance of dielectric of the microstrip. Heaters
permit the source temperature to be varied and the TES to be
calibrated. Changes in the power coupling along the microstrip
are measured using the TES which is in close proximity to its
termination resistor. For low source temperaturesTs ≤ 3 K, all
of the power is contained within the pair-breaking threshold
of the superconducting Nb,2∆Nb/h ≃ 760 GHz whereh is
Planck’s constant and∆Nb is the superconducting energy gap.
The power transmitted between the source at temperatureTs

and the TES at its transition temperatureTc is given by

Pm(Ts, Tc) =

∫ 2∆Nb
h

0

[Pν(Ts) − Pν(Tc)]dν, (2)

whereν is the frequency,Pν(Ti) = hν n(ν, Ti) andn(ν, Ti) is
the Bose-Einstein distribution, and we have assumed that the
coupling is loss-less. If the source temperature is lowTs ≤ 3 K
all of the power is contained well-within the cut-off frequency
of the microstrip and the upper limit of may be set to infinity.
Eq. 2 then has the solution

Pm(Ts, Tc) =
π2k2

b

6h
(T 2

s − T 2
c ). (3)

The measurement conductanceGm(Ts) = dPm(Ts, Tc)/dTs

is Gm(Ts) = π2k2
bTs/3h. Gm determines how changes in

source temperature affect power flow to the TES.
To calibrate the thermometry we need to know the low-

frequency TES current-to-power responsivity,sI(0). This is
measured by applying slowly-varying power,δPh, to the
known heater resistance on the TES island and measuring
the change in detected currentδI. The responsivity is then
sI(0) = δI/δPh. As the source temperature is changed using
the source heater, the power incident on the TES changes as
given by Eq. 3. Measuring the change in the current flowing
through the TES,δI, determines the change in detected power
δPm = δI/sI(0). Noting thatδPm = P (Ts, Tc) − P (Tb, Tc),
and since ETF fixed the TES’s temperature atTc, we can
determine the source temperature to a good approximation as

Ts =

√
δI

sI(0)

6h

π2k2
b

+ T 2
b . (4)

The practical temperature measurement precision is determ-
ined by the low-frequency TESNEP (0) so that[6]

σ2
Ts

=
NEP 2(0)

2tmG2
m(Ts)

. (5)

Here we have intentionally omitted thermal fluctuations of the
source island which we consider a signal in this geometry. For
NEP (0) = 2 × 10−17 W/

√
Hz the achievable temperature

precision is30 µK for tm = 1 s and Ts = 500 mK. This is
two orders of magnitude better than JNT.

B. The measured geometry

In the full geometry two source islandsS1, S2 are connected
by the subject under test here a conductance,G12. The subject
may be more complicated. Each source island is connected to
its own TES by a microstrip. Figure 2 shows the full thermal
circuit. We measure the quiescent TES currents to monitor
and subtract small drifts in the substrate temperature or the
electronics. The measurement precision of the temperatureof
either source,σT , with a measurement timetm is determined
by the low-frequency TESNEP (0) so that

σ2
T1,2

=
NEP 2(0)

2tm

(
1

G2
m(Tb)

+
1

G2
m(T1,2)

)
+

kbT
2
1,2

C1,2
, (6)

and the temperature measurement precision for this differen-
cing approach includes a contribution from the bath temper-
ature measurement. We have also now explicitly included the
effect of thermodynamic fluctuations in the temperatures ofthe
sources of heat capacityC1,2 since these fluctuations directly
affect the precision with which the source temperature can be
determined.
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Fig. 2. Thermal circuit of the full measurement. The subjectunder test is
shown here as a conductanceG12 but may be more complicated.
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Fig. 3. Schematic showing the time variation of the input powers (lower
traces) and output currents (upper traces) for one cycle of the measurement.
The sequence of measurement and settling times is indicated. The full
time-sequence represents a measurement frame. The measurement intervals
determine the temperatures as shown.

C. Measurement of the conductance G12

We measure the interconnect conductanceG12 in a three
step process. A schematic of the measurement cycle is shown
in Fig. 3. In the first step the quiescent TES currents are meas-
ured. Then dc powerP0 is input to both source islands raising
the temperatures from the bath temperatureTb to T1, T2. We
find T1

∼= T2 and we quantify the effect ofT1 6= T2 later.
Finally power toS2 is stepped by an additional small amount
δP2 raising the island temperatures toT ′

1 andT ′
2. Since both

T ′
1 −T1 andT ′

2 −T2 are small the measurement is differential.
For the next temperature sample the process is repeated with
incrementedP0. The power steps are adjusted in software
to give approximately constant increments and differencesin
temperature across the range of temperatures measured. One
complete measurement cycle (i.e.P = 0, P0, P0 + δP2), with
a short settling timetsettle between each measurement step to
accommodate thermal response times, defines a ‘frame’ time.
The frame must be measured in a time less than the Allan
time of the system.

The power flow across a conductanceG connecting thermal
reservoirs at temperaturesT , T ′ can be written for notational
convenience as

P (T ′, T ) =

∫ T ′

T

G(T )dT = G(T ′, T )(T ′ − T ), (7)

where the over-set line denotes averaging. IfT ′ − T = δT
is small then the power flow can be linearized so that

P (T ′, T ) = G(T )δT . Ignoring for now the small conductance
of the microstrips, the input powers and resultant temperatures
are related by

P0 = P1b(T1, Tb) − G12(T1, T2)(T2 − T1) (8a)

P0 = P2b(T2, Tb) + G12(T1, T2)(T2 − T1) (8b)

P0 = P1b(T
′
1, Tb) − G12(T ′

1, T
′
2)(T

′
2 − T ′

1) (8c)

P0 + δP2 = P2b(T
′
2, Tb) + G12(T ′

1, T
′
2)(T

′
2 − T ′

1) (8d)

Subtracting 8a from 8c, 8b from 8d and using, for example,

P2b(T
′
2, Tb) − P2b(T2, Tb)) =

∫ T ′
2

T2

G2b(T )dT

= G2b(T2)δT2,

(9)

whereT2 = (T ′
2 + T2)/2 and the final equality follows since

δT2 is small, we find

δP2 = 2G12(T12)(δT2 − δT1) + G2b(T2)δT2 − G1b(T1)δT1

(10)
and T12 = (T1 + T ′

1 + T2 + T ′
2)/4. Finally the effect of

conductance along the microstrip needs to be included. The
result is

G12(T12) =

δP2 −
(
G2b(T2) + Gm(T2)

)
δT2 +

(
G1b(T1) + Gm(T1)

)
δT1

2(δT2 − δT1)

. (11)

D. Measurement of the conductances G1b, G2b

The conductance to the bath at a given temperature is
measured in a two-step procedure where we measure the
quiescent TES current (P = 0) and the effect of applying
equal powerP0 to both islands and measuring the changes
in T1 andT2. The next temperature sample uses incremented
P0. This measurement is rapid. Withtm = 0.82 s, 500 data
points are acquired in less than 15 minutes. In the analysis we
use Eqs. 8a and 8b and assumeT1 = T2. This introduces an
inevitable error in the analysis and the magnitude is of order
ǫ = |G12(T12)(T2 − T1)|/P1,2b. Experimentally the error is
small≪ 1%. A fifth-order polynomial is fitted to theT1,2−P0

data and the conductancesG1b, G2b found by differentiation.
Note that since the temperature differenceT1,2 − Tb may be
large this measurement is temperature-averaged.

III. M EASURED DEVICE

An optical image of the device described here is shown
in Fig. 4. The measured conductance labelledG12 is a long
thin SiNx bar of dimensions500 × 10 × 0.5 µm3 formed
by reactive ion and deep reactive ion etching of a nitride-
coated Si wafer.G12 carries no additional films.G12 connects
two larger 0.5 µm-thick nitride source islandsS1 and S2

themselves isolated from the Si wafer by four supporting
nitride legs, two of length255 µm two of length358 µm each
of width 15 µm. One of the longer legs also carries a Nb
microstrip line. The microstrip is terminated by an impedance-
matched AuCu termination resistor at each end. Each island
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Fig. 4. Optical image of the device under test. The central nitride bar (labelled
G12) of length500 µm, width 10 µm connects the nitride source islandsS1,
S2. Resistively terminated microstrip lines run from the islands to TESs in
the upper corners of the image. The conductance between eachnitride island
and the heat bath is formed from four nitride legs, two of length 285 µm,
two of 355 µm that run diagonally .

also supports a square AuCu resistor with Nb bias lines that
can be used as a heater to modulate the temperature of the
sources. The microstrips run over the Si wafer then onto nitride
islands which support TESs. Routing of the microstrips in this
way ensures that the phonon conductance associated with the
microstrip dielectric is efficiently heat-sunk to the bath.The
TES islands also include AuCu resistors with Nb bias lines
that allow the power-to-current responsivity of the TESs tobe
measured.

AuCu resistors are40 nm thick, Nb bias lines and the
ground plane of the microstrip are250 nm thick. The mi-
crostrip dielectric is sputteredSi02 and is400 nm thick. The
TESs use our standard higher temperature MoCu bilayer layup
with 40 and30 nm of Mo and Cu respectively. The fabrication
route is identical with our usual process for MoCu TESs.[7]
The TESs are voltage biased and read-out with SQUIDs.
The device is measured in a He-3 refrigerator with a base
temperature of 259 mK. The transition temperature of the
TESs described here wasTc ∼ 485 mK which is slightly
higher than reported in our earlier work with the same Mo-Cu
bilayer lay-up. As a result the conductance to the bath of the
TESs is increased and the measured TES Noise Equivalent
Power isNEP (0) = 1.2 × 10−16 WHz−1/2.

IV. RESULTS AND DISCUSSION

The Allan variance statistic,σ2
A(τ) where τ is the integ-

ration time, provides an exceptionally powerful diagnostic
of system stability and a plot of the variance as a function
of τ identifies the optimum time for signal averaging.[8],
[9] In the Allan plot, a log-log plot ofσ2

A as a function
of τ , underlying fluctuations with frequency-domain power
spectra varying as1/fα show aτ (α−1) dependence. Hence
white noise withα = 0 has aτ−1 characteristic.1/f noise
shows no dependence on integration time and drift exhibits
a dependence with1 < α < 3. Figure 5 shows measured
Allan variances for both SQUID systems with biased TESs
and the bath temperature atTb = 259±0.5 mK. The measured
characteristic indicates that white noise is reduced by time-
integration up to a maximum of orderτA ≃ 5 s. The dashed

10-10

10-9

10-8

10-7

10-6

10-5

10-3 10-2 10-1 100 101 102

σ2 A

τ in s

τ-1

τ2

τA

Fig. 5. Allan plot for the two SQUID systems with biased TESs and Tb =
259 ± 0.5mK. The optimum integration time, identified asτA, is at the
minimum of the statisticσ2
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Fig. 6. Difference in temperature between the two islands asa function
of average temperature for equal applied powers. Note the improvement in
the measurement precision as the temperature increases. The inset shows the
measured temperature precision for repeated measurementsnear 384 mK. The
measured precisionσT = 0.54mK compares well with the calculated value
from Eq. 6 which givesσT = 0.47mK for the measurement time used
tm = 0.82 s and the measuredNEP (0) = 1.2 × 10−16 WHz−1/2.

lines show the expected behaviour for white noise with a
slope τ−1 and for drift with a slope ofτ2. This shows that
drift limits these measurements. Guided by the Allan plot,
we chose a sample timetm = 0.82 s being 214 data points
sampled at20 kHz andtsettle = 100 ms. For the conductance
measurements with three power steps the total frame time is
2.8 s at each sample temperature.

Applying equal power to both sources,G1b and G2b were
determined. As discussed earlier the analysis introduces an
unavoidable error in the measurement ofG1b andG2b depend-
ing on T2 − T1. Figure 6 shows the difference in temperature
δT12 = T2 − T1 for equal powers applied to both islands as a
function of average island temperature. The difference is small
and a maximum of about5 mK at 500 mK. SinceδT12 is small
we will see that the error is negligible. The temperature differ-
ence implies a difference in conductance for the two notionally
identical conductancesG1b, G2b of about±2% between 0.26
and 1.3 K. The temperature dependence ofδT12 evident in
Fig. 6 is also unexpected. It does not seem that the difference
can be accounted for by experimental uncertainty (such as
in the calibration of the TES responsivities). One possibility
might be differences in the actual coupling efficiencies of the
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microstrip lines.
The inset of Fig. 6 shows a histogram of calculated tem-

peratures for repeated measurements of a source temperature
near384 mK. The measured precisionσT = 0.54 mK com-
pares well with the value calculated from Eq. 6 which gives
σt = 0.47 mK for the measurement time usedtm = 0.82 s
and the measuredNEP (0) = 1.2 × 10−16 WHz−1/2.

Figure 7 shows measured conductancesG1b, G2b andG12

as a function of temperature. Representative error bars for
G12 determined from the variance of repeated measurements
are indicated. We can now estimate the magnitude of the
error in G1b and G2b. The maximum temperature difference
occurs near500 mK whereδT12 ≃ 5 mK is greatest. We find
ǫ ≃ 0.2%, but less than this over most of the temperature
range. This is considered acceptable. We also show the vari-
ation with temperature ifG = kT β with k a constant. The
dotted lines show dependenciesβ = 1 and 2. There is a strong
suggestion here that a simple power law does not account for
the conductance across this measurement range. At the highest
temperaturesβ > 2, at the lowestβ < 2. A reduction of the
exponent may be expected at low temperatures if dominant
phonon wavelengths start to become comparable to the nitride
thickness. The single dot in Fig. 7 is the measuredGTES for
one of the TESs obtained in the standard way by measuring
the power plateau in the ETF region of the current-voltage
characteristic as a function of the bath temperature. This single
point represents approximately 2 hours of data taking. By
contrast the conductances to the bathG1b, G2b plotted in Fig. 7
are found from 500 measurements of temperature acquired in
15 minutes. A comparable acquistion time measuresG12 with
50 data points with additional signal averaging.

Figure 8 shows the ratio ofG12 to G1b as a function of
temperature. The simplest model for power flow along, or
the conductance of, a uniform bar would assume that the
power scales as the ratio of cross-sectional area,A, to length,
l. From the dimensions of the nitride support legs for the
source islands and the dimensions ofG12 we calculate a
conductance ratio of 0.082. This ratio includes the conductance
associated with theSi02 dielectric of the microstrip lines and
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Fig. 8. Ratio of the measured conductanceG12 to the conductance to the
bathG1b. The arrow indicates the expected ratio if the conductancesscale as
the area to length ratio of the structures.

the smaller contribution from the Nb wiring all of which
we assume are equal to that ofSiNx. The variation of the
ratio is experimentally significant and may already illustrate
the difference between thermal properties averaged over a
temperature range and the true differential measurement.

V. CONCLUSION

We have described our first true-differential measurements
of thermal conductances of a micron-scaled object at low
temperatures using microstrip-coupled TES thermometry. The
temperature precision is already significantly greater than that
achievable with JNT with the same measurement time. The
measurements are rapid and easily calibrated. The achieved
precision already strongly suggests that the thermal transport
characteristics of the nitride structure are not describedby a
simple power-law across the temperature range0.26 to 1.5 K.
The device under test can be fabricated without additional
metalization for wiring. It should be straight-forward to in-
clude specific layers on the nitride test structure to measure
particular thermal properties in a controlled manner. In the
future we expect to be able to explore the temperature depend-
ence of heat capacities of thin films such asSiO2 including
possibly measurements of time dependent heat capacity. We
will explore the effect on conductance of superposed layers:
for example, does thermal conductance in thin multilayers
really scale as total thickness? We also see the possibilityof
exploring the engineering of the nitride to realise phononic
structures, to achieve reductions of the conductance in compact
nitride structures needed for the next generation of ultra-low-
noise detectors.
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Abstract— We have demonstrated the multiplexed operation of 
titanium hot-electron nanobolometers (nano-HEB). Because of 
their low thermal conductance and small electron heat capacity 
nanobolometers are particularly interesting as sensors for far-
infrared spectroscopy and mid- and near-IR calorimetry. 
However, the short time constant of these devices (~ µs at 300-
400 mK) makes time domain or audio-frequency domain 
multiplexing impractical. The Microwave SQUID (MSQUID) 
approach pursued in this work uses dc SQUIDs coupled to  
GHz-band microresonators which are, in turn, coupled to a 
transmission line. We used a 4-element array of Ti HEBs 
operated at 415 mK in a He3 dewar with an optical fiber access. 
The microwave signal exhibited 10-MHz wide resonances at 
individual MSQUD frequencies between 9 GHz and 10 GHz. 
The resonance depth is modulated by the current through the 
bolometer via a change of the SQUID flux state. The 
transmitted signal was amplified by a cryogenic amplifier and 
downconverted to baseband using an IQ mixer. A 1-dB per Φ0/2 
responsivity was sufficient for keeping the system noise at the 
level of ~ 2 pA/Hz1/2. This is more than an order of magnitude 
smaller than phonon noise in the HEB. The devices were able to 
detect single near-IR photons (1550 nm) with a time constant of 
3.5 µs. A digital transceiver for simultaneous generation of 16 
probing tones and for processing of 16 downconverting signals 
has been demonstrated as well. 

I. INTRODUCTION 
Multiplexed readouts are becoming very important for the 

transition-edge sensor (TES) arrays continuously growing in 
size. Along with the requirements for having the least 
number of wires connecting the detectors residing at sub-
kelvin temperatures to the room temperature electronics, the 
large multiplexing bandwidth is crucial for accommodating a 
large number of the detector channels. The high multiplexing 
speed is especially important for the sensors whose inherent 
signal bandwidth is large. This is the case for the hot-electron 
nanobolometers (nano-HEB) [1] with the thermal time 
constant of the order of a microsecond at 300-400 mK. Along 
with the short relaxation time, the nano-HEB has a very low 
thermal conductance and a very low electron heat 
capacitance, both due to the extremely small sensor volume. 
Compared to traditional micromachined TES bolometers, 
nano-HEB has a large sensitivity margin. For example, the 
NEP ≈ 10-18 W/Hz1/2 is achieved at 320 mK [2] compared to 
the 50-100 mK temperature range, which is required for other 
types of bolometers. Also, the ability to detect single photons 
down to THz frequencies makes the nano-HEB an interesting 

candidate for sensitive FIR spectroscopic applications [1,3] 
and for infrared calorimetry. 

In order to address the need for an adequately fast readout 
for nano-HEB, we have built and characterized a small-scale 
demo array using microwave SQUIDs (MSQUIDs) [4] for X-
band frequency-domain multiplexing. In this technique, a dc 
SQUID is coupled to a high-frequency tank circuit with a 
relatively high Q-factor. The signal current from the 
bolometer causes a flux change through the SQUID, which 
changes the SQUID rf impedance and introduces the 
damping and/or frequency offset in the resonating circuit [5]. 
In our implementation, much larger resonator frequencies 
were used thus making possible the use of microfabricated 
resonators. The readout electronics for these microresonators 
are very similar to that used for the microwave kinetic 
inductance detectors [6]. 

 

II. THE MSQUID CHIP 
We used a 4-element MSQUID chip introduced earlier in  

[4] (see Fig. 1). Each element consists of a dc SQUID 
capacitively coupled to a coplanar resonator, a signal coil, 
and a flux control/modulation coil. Each resonator is linked 

Fig. 1. A four-element Microwave SQUID chip in a Nb shielding enclosure. 
The coplanar transmission line runs horizontally across the chip; meander 
line shaped resonators are coupled to the line from the top and from the 
bottom.  
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to a common coplanar waveguide (CPW) transmission line 
through which the probing microwave signals was launched. 
The SQUIDs are biased by adjusting the transmitted signal 
power rather than by dc current. A separate common line 
connected to the flux control/modulation coils is used for 
tuning the SQUIDs flux bias points. The individual resonator 
lengths set the channel frequencies and their separation. For 
this particular design, all the resonator frequencies were 
between 9 and 10 GHz and separated by approximately 200 
MHz. A typical microwave transmission of a single 
MSQUID resonator is shown in Fig. 2. The resonance width 
is about 10 MHz and its depth is decreasing by ~ 1 dB when 
the maximum flux (Φ0/2) is coupled to the SQUID. In these 
experiments, the SQUIDs were operated in open loop mode, 
therefore a periodic response was observed when the signal 
current exceeded Φ0/2M (M is the mutual inductance of the 
signal coil). 

III. THE TEST SYSTEM 
The experimental system was built in an IR Labs HDL-8 He3 
cryostat (see Fig. 3). The HEB sensors along with bias filters 
were placed on a shielded He3 cold plate. The MSQUID chip 
was enclosed in an Nb magnetic shield and placed on a 4K 
cold plate (in the future work, a more compact casing will be 

used so the MSQUID chip can reside next to the detectors on 
the same millikelvin platform). The probe signal was 
generated by a microwave synthesizer and sent in the dewar 
through a tunable attenuator and stainless coax. We used a 
second synthesizer in order to simultaneously operate two 
pixels. The magnitude of the probe signal was tuned 
experimentally to provide the maximum sensitivity of the 
MSQUIDs to the magnetic flux. The probe signal was also 
fed to an IQ mixer. After passing through the MSQUID chip, 
the microwave signal was amplified by a broadband 
cryogenic low-noise amplifier (LNA) with noise temperature 
≈ 5 K mounted next to the MSQUID housing and sent to the 
IQ mixer. We recorded both in-quadrature output signals but 
did not process the data to retrieve amplitude-phase 
coordinates. Only the signal exhibiting the largest response is 
discussed. The signal coils of MSQUIDs were connected to 
the HEB devices via 50-µm dia NbTi superconducting 
twisted pairs shielded individually with NbTi thin-wall 
capillaries. Each bolometer was voltage biased using a 1-Ω 
shunt resistor. The bias lines were filtered using 3-stage RC-
filters embedded in Eccosorb CRS-124 microwave absorber. 

To calibrate the system noise performance and the 
bandwidth we measured the noise at the output of the mixer 
as function of the temperature of a 1-Ω resistor directly 
connected to the SQUID input coil. To obtain the maximum 
sensitivity, the flux bias point was tuned to region where the 
derivative dV/dΦ reaches maximum (V is the output voltage, 
see Fig. 4). In order to measure the system noise, the flux 
bias was chosen to be at its maximum or minimum value 
(where dV/dΦ = 0). In either case the resistor noise is 
effectively prevented from reaching the SQUID input coil 
and the total noise contribution of the MSQUID and the LNA 
could be measured.  

Figure 5 shows the noise spectra for 3 different  
experimental settings. From these data, assuming that  
the resistor generates only Johnson noise, the effective 

Fig. 4. Signal at the output of IQ-mixer as function of the total current 
through the HEB device in parallel with a 1-W resistor. When the HEB is in 
superconducting state, the total current is proportional to the SQUID 
magnetic flux. 330 mK: the HEB is in superconducting state. When the 
device was absent, a similar periodic response function was used for the 
system noise calibration. 425 mK: the device is in the resistive state. Bias 
points 1 and 2 were used for noise measurements of Fig. 6. 470 mK: the 
device is in the normal state. 

Fig. 2. A transmission of the coplanar line in the vicinity of the resonance 
frequency of one of the MSQUID resonators. A maximum change of the 
SQUID flux state (Φ0/2) causes an about 1-dB change of S21. The phase 
shift for this MSQUID design was negligibly small. 

Fig. 3. A schematic of the test system. Components surrounded by the 
dotted blue line were on the He4 platform (4.3 K). The bolometer (dashed 
green line) were on the He3 platform. 
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system noise is ~ 2 pA/Hz1/2. The roll-of of the noise 
spectrum is due to the Ls/R low-pass filtering at the input coil 
(Ls is the input coil inductance). The cut-off frequency of ~ 
200 kHz agrees with Ls ≈ 1 µH. 

IV. MSQUID TEST USING HEB DEVICES  
Two Ti HEB devices (20µm × 1µm × 40 nm) were used. 

The devices exhibited a superconducting transition with TC = 
430 mK with nearly zero residual resistance. Figure 4 shows 
the output signal for one of the devices as function of the 
bias. Well below TC (330 mK) the response is periodic, and 
corresponds to a monotonically increasing subcritical current 
through the device. Just below TC (415 mK), the critical 
current value is achieved at about 3 µA of the total bias 
current. After that the current through the device increases 
slower (all changes are within the Φ0/2M range), reaches its 
peak value at ~ 4.2 µA and then decreases, exhibiting an N-
shaped IV characteristic typical for the voltage biased TES. 

When the device is biased in the negative differential 
resistance region (bias points 1&2 in Fig. 4), the output noise 
increases reflecting the corresponding increase of the 
responsivity. This detector noise (traces “bias point 1” and 
“bias point 2” in Fig. 6) well exceeds the system noise except 
in the frequency range below 10 kHz where 1/f-noise is 
observed. This noise likely originates from the two-level 
system noise (TLS) observed in Nb superconducting 
resonators [7]. The presence of the TLS noise may represent 
a problem for slow bolometers. Fortunately, this is a minor 
problem for HEB detectors operating above 300 mK where 
the most of the signal bandwidth is above 10 kHz, and where 
some kind of modulation can be used to completely avoid the 
1/f noise. 

The detector’s white noise level agrees well with our 
recent measurements [2] where we found the output noise for 
Ti HEB at ~ 320 mK to be about 60-70 pA/Hz1/2. The noise 
is dominated by thermal energy fluctuations (TEF or 
“phonon” noise). The devices studied in [2] are smaller in 
size, but, since the TEF noise does not depend on the HEB 
sensor volume, the same magnitude should be expected in the 
current experiments. Indeed, the detector noise exceeds the 
system noise by an order of magnitude in the current setup 
that proves the low-noise operation of the MSQUID readout. 
Finally, we measured the time constant of the HEB devices 
by detecting single NIR photons (1550 nm wavelength). 
Short pulses (~ 1 µs duration) were generated by a fiber-
coupled laser diode. The fiber was fed into the dewar and 
then through a cold (4.2 K) 25-dB attenuator to the HEB 
device. A room temperature variable attenuator was used to 
adjust the energy per pulse to a sufficiently low level so that 
only one photon per pulse was typically detected. The 
amplitude of the single-photon response was a small fraction 
of the total output of the IQ-mixer so the exponential shape 
of the pulse was preserved (see Fig. 7) despite the non-
linearity of the used readout technique. The observed 
microsecond time constant originates mostly from the 
electron-photon relaxation in Ti HEB at this temperature 
[1,2]. The electrical time constant Ls/R should be noticeably 
less in this case as the total resistance R > 1 Ω (compare to 
the data of Fig. 5). 
 

Fig. 6. Output noise from a Ti HEB device. When the detector device is 
biased to the points of high responsivity (two upper traces taken at points 1 
and 2 in Fig. 4) its noise exceeds the system noise. The dotted line shows 
the noise when the device is in the normal state. The dashed line is the 
noise when the device is in superconducting state. The 1/f noise below 10 
kHz is due to the TLS noise in the superconducting resonator.  

Fig. 5. System noise characterization using the Johnson noise of a 1-Ω 
resistor at 340 mK and at 4.2 K. The roll-off of the noise spectra is due to the 
low-pass Ls/R filter.  
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Fig. 7. Response of the HEB detector to a single NIR photon (λ = 1550 nm). 
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V. DIGITAL READOUT OF MSQUIDS 
The prototype analog circuit of Fig. 3 allowed for reading 

of just one detector at a time. In order to demonstrate the real 
multiplexed operation all frequency tones corresponding to 
the superconducting resonators must be generated 
simultaneously. At the same time, all the signals passing the 
MSQUID must be downconverted and digitized fast enough 
to preserve the detector signal bandwidth and to maximize 
the signal-to-noise ratio of the system. In order to do this, we 
built and tested a circuit shown in Fig. 8. The general 
approach was proposed in [8]. Our particular implementation 
included generation of 16 frequency tones in a 80-MHz range 
(see Fig. 9) using an arbitrary waveform generator Tektronix 
AWG 5012B. The spectral purity of the individual tones was 
identical to that of a standard HP synthesizer. The entire 
frequency comb was upconverted to the GHz range and after 
passing the MSQUID array was downconverted to the 
baseband and fed into a broadband 16-bit ADC (Pentek 
7852) which had the input bandwidth of 200 MHz (~ 100 
MSPS) and a firmware core allowing for digital 
downconvertion of the baseband signal into 32 output 
channels. The digital local oscillator (LO) frequencies have 
to be synchronized with the frequencies of the comb 
generated by AWG5012B. Each channel’s bandwidth could 
be tuned between 20 kHz and 10 MHz. The system was 
tested using sinusoidal signals with the frequency set apart 
from the digital LO frequency by 500 Hz – 50 kHz (that is, 
within the output channel bandwidth. Spectral analysis of the 
processed signals did not reveal any significant spurious 
components.  

VI. FOLLOW-ON DEVELOPMENT 
The system setup is on-going and in the next phase we 

expect to test the entire system with up to 16 nano-HEB 
detectors operating at 650 GHz. Compared to the setup of 
Fig. 3 the nano-HEB array and the MSQUID chip will be at 
the same low temperature (He3) and be connected to the 
higher temperature (4.3K) platform via only 2 NbTi low 
thermal conductance coaxes, 2 detector bias wires and 2 
SQUID modulation wires (Fig. 8). We plan to implement a 

modification of the MSQUID chip in order to improve the 
overall system performance. The new prototype chip uses 
dissipationless MSQUIDs at 3-4 GHz [9] with lumped-
element resonators, which should have a lesser 1/f noise [10]. 
Eventually the separation between the resonances should be 
tuned to ~ 1-2 MHz to allow for a maximum number of 
pixels per the ADC bandwidth without putting a limitation on 
the signal bandwidth or causing a crosstalk between pixels.  
We will also use antenna-coupled nano-HEB which have 
been recently tested in a separate optical setup having 
demonstarted an optical NEP below 10-17 W/Hz1/2 at 360 mK 
[11-12].  

VII. CONCLUSIONS 
The obtained results clearly demonstrate the feasibility of 

low-noise and broadband readout scheme using microwave 
dc SQUIDs. Both the system noise and the bandwidth were 
sufficint to operate Ti HEB detectors without degradation of 
the sensitivity and the detector response time. Given the 
progress with ADC and DAC electronics much larger 
number of pixels per ADC/DAC (up to ~ 1000) can be 
expected in the future. A combination of the high sensitivity 
along with the µs response time and high operating 

Fig. 8. A schematic of the test system with digital MSQUID readout. 
Components surrounded by the dotted blue line were on the He4 platform 
(4.3 K). Both the bolometers and the MSQUIDs (dashed green line) will be 
on the He3 platform. 

Fig. 9. Top panel: 16 digitally generated frequency tones for probing 
superconducting resonators. Bottom panel: comparison of the lineshape of 
one the tone to the frequency line produced by an HP synthesizer. 

Tek AWG5012B 

Pentek 7852 
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temperature requiring only a simple He3 sorption cryostat is 
attaractive for using in ground based and suborbital 
submillimeter instruments 
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Abstract—Kinetic Inductance Detectors (KIDs) consist of thin-
film superconducting resonators. An incoming photon breaks
Cooper pairs, and causes the surface impedance of the resonator
to change. The resonant frequency shifts, and the absorption
event is recorded by monitoring the change in microwave
transmission amplitude and phase. In this paper, we show that
the power deposited by the microwave readout signal can cause
the temperature of the quasiparticles in the superconducting
film to switch between well-defined states. Experimentally, the
effect appears as a discontinuity in the resonance curve, but
is actually a hysteretic switching between thermal states as
the readout frequency is swept up and down. We present
numerical simulations that predict, quite clearly, the existence
of hysteretic switching in low Tc superconducting resonators.
The switching occurs as a direct consequence of the relationship
between the readout power absorbed by the resonator as a
function of temperature, and the finite thermal impedance of
the quasiparticle-phonon coupling. This work may lead to an
improvement of the power handling in KIDs, which is the
easiest way of noise reduction in these devices, and to a better
understanding of electron-phonon coupling in superconductors.

I. INTRODUCTION

Kinetic Inductance Detectors (KIDs) consist of thin-film
superconducting resonators (<10GHz) on sapphire, quartz,
or silicon substrates. An incoming infrared, optical, or x-ray
photon breaks Cooper pairs, and causes the surface impedance
of the resonator to change. The resonant frequency shifts, and
the absorption event is recorded by monitoring the change in
microwave transmission amplitude and phase [1].

One of the key issues in improving KIDs for detector
purposes is decreasing the amount of noise. Using phase
readout, excess noise was found, which scales inversely
with the amount of applied microwave readout power [2],
[3]. Therefore increasing the power handling of resonators
is one of the topics of current research. At certain power
resonators start to show nonlinear behaviour, which gives
the power limit for linear detection. On the other hand,
a lot of research has been done on nonlinear effects in
resonators, showing that vortices, thermal instabilities due
to local hot spots [4] and a power dependent surface
impedance [5], [6] can also cause strong nonlinearities in the
resonator response. This kind of research focuses usually on
superconductors with a high critical temperature and a high
resistivity. Since the nonlinearities are used for amplification

and other purposes, easier operation at higher temperature
is favourable. Thermal effects described in literature cause
nonlinearities due to local spots where the superconductor is
driven normal. Also quasiparticle heating was described, but
neglected usually due to the relatively low heat resistances
of high Tc superconductors [5], [7], which cannot set up a
significant temperature gradient between the electron system
and the phonon system.

In this paper we describe a nonlinear effect in
superconducting resonators due to the temperature-dependent
readout power dissipated in the resonator and the thermal
resistance due to the limited electron-phonon coupling. We
present simulations showing that these two processes together
give rise to multiple temperature states of the quasiparticle
system when solving the heat balance equation. These
temperature states manifest themselves as switching, and
hysteresis, in the resonance curve. The effect of bistability
due to different solutions of the heat balance equation was
described earlier [8], but in the context of local instabilities,
switching around Tc. We note that other nonlinear effects
can still be present in superconducting resonators, but the
temperature state switching we describe here is likely to be
dominate at low temperatures, and does not necessarily involve
hot spots.

II. THEORY

The microscopic picture of the electrodynamic response
of a superconductor was developed by Mattis and Bardeen
[9]. The complex conductivity σ = σ1 − iσ2 describes the
response of both Cooper pairs and quasiparticles to an applied
electric field. The surface impedance of a superconductor can
be calculated from the complex conductivity. For arbitrary
thicknesses t, the surface impedance Zs in the dirty limit is
given by [10]

Zs =

√
iµ0ω

σ
coth(

√
iωµ0σt), (1)

where ω is the free space angular frequency, µ0 the
permeability of free space and σ the complex conductivity.

A quarter wave resonator consists of a shorted piece
of transmission line. The input impedance for a shorted
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transmission line Zline is given by

Zline = Z0 tanh γl = Z0 tanh(α+ iβ)l

= Z0 tanh

(
β

2Qi
+ iβ

)
l, (2)

where Z0 is the characteristic impedance of the line, γ the
propagation constant of the line and l the length of the line.
To calculate the impedance of a superconducting microstrip
line we follow the analysis by Yassin and Withington [11]. We
leave out the very details of the specific calculations. For an
ideal line α = 0, so that at resonance when l = λ/4 the input
impedance Zline → ∞. For a non-ideal line, we can define
an internal quality factor Qi = β

2α , describing the losses in
the transmission line. The ideal line case corresponds to an
infinite Qi.

To couple electromagnetic energy into the resonator, a small
gap is introduced between the open end of the quarterwave
resonator and the feedline. The capacitance of this gap loads
the resonator. The impedance looking into the capacitance
becomes

Zin =
1

iωCg
+ Z0 tanh γl, (3)

where Cg is the capacitance of the gap, and the second term
is the input impedance of the transmission line, taken from
Equation 2.

In the case of a parallel circuit, the coupler can be seen as a
3 port system. Port 1 and port 2 are the left and right side of the
feedline, and port 3 is at the resonator waveguide just under
the coupler. What is typically measured is the transmission
from port 1 to port 2, given by the transmission function or
forward scattering matrix element S21, which is given by

S21 =
2

2 + Z0/Zin
, (4)

where Z0 is again the impedance of the feedline and Zin the
impedance looking into the coupling capacitor as given by
Equation 3. S21 can also be written in terms of its amplitude
|S21| and phase θ by |S21|eiθ, and the power transmission is
given by |S21|2. The quality factor of the resonator can be
defined as 1/Q = 1/Qc + 1/Qi, where Qc is the coupling
quality factor.

A. Power dissipation
Although the resonator is made of a superconducting

material, it has a small resistance and therefore dissipates
power. The internal quality factor Qi is a measure
for the resistive losses in the resonator, which should
decrease exponentially with decreasing temperature. However
measurements show that the internal quality factor always
saturates at values around 106 at T/Tc ≈ 0.2, which means
an additional loss. The source of this loss can be excess
quasiparticles or loss at the surface or in the dielectric, but
is not exactly known [12], [13]. To make a realistic estimate
of the dissipated power we take this saturation into account
by modifying the internal quality factor in Equation 2 in the
following way

1

Qi
=

1

Qi,MB
+

1

Qsat
, (5)

TABLE I
PARAMETERS OF A SIMULATED MICROSTRIP RESONATOR.

Parameter Symbol Value

Strip length l 4 mm
Strip width w 3 µm

Film thickness t 200 nm
Dielectric height h 200 nm
Gap capacitance Cg 5 fF

Relative permittivity of dielectric εr 11
Feedline impedance Z0 20 Ω
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Fig. 1. Dissipated power in an Al microstripline resonator as a function of
temperature for different readout frequencies. The readout power is -60 dBm.
The dashed line shows the transported power due to electron-phonon coupling
as a function of temperature according to Ptrans = −V Σ(T 5

e − T 5
ph), for

a phonon temperature of 120 mK.

where Qsat is the saturation quality factor and Qi,MB the
quality factor following the Mattis-Bardeen equations. In the
calculations presented here we assume the additional loss to be
due to quasiparticles. This is reasonable since we are interested
in high readout power levels while dielectric losses saturate at
a relatively low power level [13].

The dissipated power depends on how much power is
coupled into the resonator, and therefore peaks at the
resonance frequency. The resonance frequency is temperature
dependent, and therefore the (peak in the) dissipated power
is temperature dependent. Equally well we can define
a resonance temperature for a particular frequency. The
dissipated power is calculated for an Al microstrip resonator as
a function of temperature and plotted in Figure 1 for different
frequencies. The geometry properties are listed in Table I and
material properties are N0V = 0.17, TD = 420 K and ρ = 2.4
µΩcm [14]. The readout power is 2 nW (-57 dBm) and the
bath temperature 120 mK.

We observe that the resonance temperature is lower for
higher frequencies as expected. At the highest frequencies
a plateau is reached where the zero-temperature resonance
frequency is approached and the saturation in the quality factor
(Eq. 5) comes into play.
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B. Heat transport

The resistance that causes the energy dissipation in the
resonator is due to quasiparticles. When energy is dissipated
into the quasiparticles, the quasiparticle system heats up and
will transfer energy to the colder phonon system, and from
the phonon system of the superconducting film to the phonon
system of the substrate. The energy transport from electrons
to phonons can be described for a metal by a power law [15]:

Pe−ph = V Σ(T 5
e − T 5

ph), (6)

where Te is the electron temperature, Tph the phonon
temperature and V the volume where the power is dissipated.
Σ is a material constant with a value of Σ = 0.2 ×
109 W m−3K−5 for Al, measured in a Coulomb-blockade
electrometer [16]. The volume can be calculated by V = wtl,
where w and l are the width and length of the microstrip and
t is the thickness of the film. For an Al microstripline with
dimensions as given in Table I we get V Σ = 480 nW K−5. In
Figure 1, the power transported by electron-phonon coupling
as a function of temperature is plotted as the dashed line, for
a phonon temperature of 120 mK.

In calculating the transported power, we assumed implicitly
that electron-phonon coupling is the limiting heat transport
mechanism. Another transport limiting heat resistance can be
the Kapitza coupling between the film and the substrate of the
resonator. The Kapitza coupling can also be described by a
power law

PKap = AΣKap(T
4 − T 4

bath), (7)

where A = wl is the area of the microstrip and ΣKap a
material parameter. From Ref. [17] we estimate ΣKap to
be 850 Wm−2K−4 and AΣKap = 10 µWK−4 and therefore
assume electron-phonon coupling being the limiting heat
transport mechanism.

III. SIMULATIONS

Power is dissipated by the readout signal into the
quasiparticle system of the superconducting film. This will
increase the effective quasiparticle temperature. The phonon
temperature of the film will be lower, so a temperature
difference between the phonon- and electron system is set up,
dependent on the strength of the electron-phonon coupling.
From a steady state heat flow, the temperature of the electron
system can be calculated by equating the dissipated power and
the transported power. Finding the steady-state temperature for
different readout frequencies and power levels is analogous
to calculating the intersections of the dissipated power curve
with the transported power curve in Figure 1. Steady state
temperatures are calculated for every frequency using a root-
finding algorithm which uses the steady state temperature of
the previous frequency as an initial guess.

In Figure 2 the steady state temperature, and the resonator
response of the same Al resonator, are plotted as a function
of frequency for a set of readout powers. We observe that
below 10 pW, the temperature rise is small and the resonance
curve shows a deep symmetrical resonance. At 100 pW
the electron temperature at resonance already rises 30 mK
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Fig. 2. Steady state temperature of the electron system (a) and the
corresponding resonator response curve (b) for an Al microstripline resonator
as a function of frequency for different readout power levels.

above the phonon temperature, making the resonance curve
a bit less pronounced and introducing a frequency shift.
Above 200 pW the resonance curve becomes asymetrical as
a result of a 50 mK temperature rise and at 500 pW there
is clear switching with hysteresis. For even higher powers,
the operating temperature rises and the amount of hysteresis
increases.

IV. EXPERIMENT

A 100 nm thick Al film was sputter deposited on a R-
plane sapphire substrate under ultra high vacuum. The critical
temperature of the film Tc is 1.228 K, the low temperature
resistivity ρ was 0.63 µΩcm and the residual resistance ratio
was 5.2 The resonator pattern was created using wet etching.
A coplanar waveguide (CPW) resonator was used in the
experiment, and therefore we can only make a qualitative
comparison with the presented simulations. The chip was
cooled in a cryostat with an adiabatic demagnetization
refrigerator to a bath temperature of 81 mK. The complex
transmission S21 of the chip was measured using a vector
network analyzer.

The S21 magnitude is plotted as a function of frequency
in Figure 3 for a set of readout power levels. For power
levels below -81 dBm the response stays the same, except for
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Fig. 3. Measured resonances curves of an Al coplanar waveguide resonator
for different readout power levels. The bath temperature was 81 mK and f0
= 4.55929 GHz.

the relative increase of noise. We observe that the resonance
frequency decreases for increasing power, which is a sign of
heating, because the resonance frequency shifts in the same
way if the bath temperature is increased. Asymmetry in the
resonance curve appears for a power of -75 dBm and true
switching from -69 dBm, which is of the same order of
magnitude as for the simulations in Figure 2.

V. COMPARISON ON INTERNAL POWER

The most common way to compare the power handling
of resonators is comparing them on internal power, which
takes into account the quality factor dependent coupling of
the readout signal to the resonator. The internal power, the
power of the travelling wave inside the resonator, is given by

Pinternal = Preadout
2

π

Q2

Qc

Zfeedline
Zresonator

, (8)

where Zfeedline and Zresonator are the impedances of the
feedline and the resonator. Using Equation 8 combined with
the simulations presented in Section III we calculate an
internal power of -22 dBm where the response becomes
nonlinear. From the experimental data presented in Section IV
we obtain a limiting internal power value of -30 dBm, which is
a value commonly measured in Al KIDs of this thickness [18].
It is only possible to compare the internal power of devices
just before the resonance curve becomes asymmetric since
the quality factor cannot be obtained from a highly nonlinear
resonance curve.

VI. DISCUSSION

Experimental values for the limiting internal power before
the resonator response becomes nonlinear are within an order
of magnitude with the simulated values as presented above.
This shows that thermal switching is a mechanism that is
very likely to be present in resonators consisting of a low
temperature superconducting film. However, there are other

mechanisms that can be responsible for nonlinear behaviour.
More detailed experiments are needed to explore the nonlinear
effects that are observed experimentally in relation with the
proposed thermal effect. Additional simulations are underway
to compare the predictions about the limit to the internal power
to experimental values with varying film thicknesses and film
properties.

The assumed electron-phonon coupling is taken for a metal
in the normal state and we believe that it could very well be
an order of magnitude weaker for a superconductor, especially
at temperatures much lower than Tc. This would bring the
simulated power values where nonlinear behaviour starts
remarkably close to the experimental data. We also implicitly
assumed that the losses that determine the internal resonator
quality factor are fully due to quasiparticles. Although there
are also known dielectric losses, this assumption is better
justified at higher readout powers, which is the regime we
are operating in.

The two stable temperature states, with one unstable state
in between, suggest that rapid switching between those
three states can give excess noise. This could happen when
the temperature difference between these states is small.
Experiments show that as soon as the resonator is driven non-
linear, the noise increases quite significantly. However, more
involved simulations and experiments are needed to investigate
if the temperature states and the measured excess noise are
correlated.

VII. CONCLUSION

We modelled the heat dissipation and heat transport in
superconducting thin film resonators. We solved the heat
balance, given by the temperature and frequency dependent
microwave readout power dissipation together with limited
electron-phonon transport described by a power law. For
certain readout power levels this leads to multiple solutions
to the steady state temperature giving hysteretic two state
switching in the resonance curve. Simulated resonance curves
as a function of power show qualitatively the same behaviour
as experimentally observed resonance curves. With some
refinements, the model could explain the microwave power
handling in KIDs and could lead to an improvement of their
performance.
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Abstract 

With an altitude of 4093m and temperatures as low as -80 celsius degree, Dome A in Antarctic is a very 
attractive site for astronomical observations, especially at frequencies beyond 1THz. Preliminary observation 
results by a radiometer at 661GHz, which was brought to Dome A in 2008 by Chinese Antarctic expedition 
team, have demonstrated that Dome A has the lowest PWV among those good THz sites (ALMA site, South 
Pole and Dome C, for example) on the earth which have been investigated. To have better understanding on the 
atmospheric condition at Dome A, we have developed a broadband THz FTS to be deployed to the site in Jan. 
2010. The FTS will measure atmospheric emission in the frequency range of 0.75-15THz (split in two bands), 
from which atmospheric transmission is derived using an atmospheric propagation model. Broad spectral 
coverage helps make this derivation more accurate－this is particularly important at Dome A, where the 
extremely cold temperatures lie well outside the tested range of water vapor continuum models. The FTS 
mainly consists of a Martin-Puplett interferometer subsystem in rapid scan mode, which is fabricated by 
BlueSky and QMC, an outdoor subsystem for atmospheric signal coupling and calibration, and a data 
acquisition subsystem. Two room-temperature DLATGS detectors with respective filters (short- and 
long-wavelength ones) are employed since the FTS is designed for unattended and long-duration operation. 
The details of the FTS and preliminary measurement results will be presented. 
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Abstract— Resistive films are a commonly used absorber for
free-space coupled TES detectors at sub-mm and far-infrared
wavelengths. A formalism is presented for calculating the full
partially coherent optical behaviour of such devices in a rigorous
way. The scheme is based on a boundary condition on the resistive
film, which takes into account the film’s finite surface impedance
and allows the incident field to be written in terms of the induced
current. A Method-of-Moments-like (MoM) approach is then
used to invert this relation to give the current in terms of the
applied field. Rather then use a set of ‘testing functions’ as in
traditional MoM approaches, a set of dual basis functions is used,
leading to a particularly elegant formulation. Using the equation
for ohmic power dissipation, it can then be shown the power
absorbed by the detector is given by the total contraction of the
coherence dyadic of the incident field with a second dyadic field,
which will be referred to as the Detector Response Function
(DRF). The DRF completely describes the optical behaviour
of the detector. The scheme is easily applied to the modelling
of arrays of films, allowing cross-talk between pixels to be
investigated. We will discuss the details of our method, and
present results for the intensity and polarisation response of
resistive film TESs to plane wave radiation. In particular, we will
concentrate on how the film’s dimensions and surface impedance
affect its behaviour.

I. I NTRODUCTION

A common architecture for free-space-coupled THz detec-
tors is the Transition Edge Sensor (TES), which comprises
of a rectangular resistive film and superconducting bilayer
on a micro-machined Si3NX island. In operation, the bilayer
is biased on its normal-superconducting transition and the
island’s temperature is kept constant by the resulting electro-
thermal feedback. Incident radiation induces currents on the
film, which dissipate power. The amount of power dissipated
can then be measured from the changes in bilayer current
needed to maintain island temperature, and this provides a
measure of the power flux in the incident radiation.

To fully understand the optical behaviour of such devices,
it is vital to understand the relationship between the incident
electromagnetic field and the surface currents. The problem
is complicated by the possibility of exciting several different
current distributions incoherently on the same film. If thisis
the case the film will be incoherently sensitive to the power in
a particular set of modes, with the responsivity of the device
varying between the modes. It can be shown that the partially
coherent optical behavior of such multi-moded detectors can
be described by a two point dyadic response function [1],

which we will call the detector response function (DRF). The
detector output is given by the total contraction, over some
reference surface, of the DRF with the coherence dyadic of
the incident radiation.

We have calculated the DRF for resistive film TES detectors
rigorously for the first time using a new scheme described
in [2]. The scheme is based on a boundary condition on
the film, which takes into account the film’s finite surface
impedance and allows the incident field to be written in terms
of the induced current. A Method-of-Moments-like (MoM)
approach is then used to invert this relation to give the current
in terms of the applied field, and subsequently this can be
used to find the DRF from the equation for ohmic power
dissipation. Rather then use a set of ‘testing functions’ as
in MoM approaches, a set of dual basis functions is used,
leading to a particularly elegant formulation. The scheme is
easily applied to the modelling of arrays of films, allowing
cross-talk between pixels to be investigated. We will discuss
the details of our method, and present results for the intensity
and polarisation response of resistive film TESs to plane wave
radiation. In particular, we will concentrate on how the film’s
dimensions and surface impedance affect its behaviour.

The formalism that will be developed is also relevant for
understanding the optical behaviour of Kinetic Inductance
Detectors (KIDs). A KID is typically comprised of a super-
conducting microstrip circuit, which is resonant at microwave
frequencies, connected to an optical absorber. The device is
engineered so that an incident photon generates excess quasi-
particles in the superconducting circuit by breaking Cooper
pairs. The excess quasiparticles alter the electrical properties
of the circuit, and the incident power flux is determined by
probing the corresponding changes in the circuit’s resonant
behaviour. At sub-mm and far-infrared wavelengths a planar-
antenna-like structure is commonly employed as the absorber.
Quasiparticles are generated by the power dissipated by lossy
currents flowing on the antenna. Instead of being lumped at
the feed, the antenna load in these absorbers is, in effect,
distributed over the entire structure. Consequently, theycannot
be treated as conventional antennas, and full electromagnetic
simulations must be used to determine the power absorbed.
Antenna structures implemented as patterned thin films can
be treated identically to the resistive film absorbers for TESs,
and the methods outlined in this paper are directly applicable.
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II. BASIC FORMALISM

The full formalism for the simulations has been discussed
in detail by Withington[2]. This summary will concentrate on
the analysis of a single film. The extension to arrays of films is
straightforward, but leads to additional notational complexity.
It will be discussed briefly at the end of the section, although
interested readers should consult the original paper for the
complete analysis[2].

In the derivation that follows the incident field will assumed
to be temporally stationary, allowing the power absorbed at
different wavelengths to be treated independently. Any vector
fields introduced should be assumed to be the analytic signal
representation of the particular frequency component of the
field being considered. The values for the power dissipated
represent the power dissipatedper unit bandwidthat the
radiation frequency. However, as we will only consider narrow
band illumination and so they may be treated as the total power
absorbed by the film.

A. Determining the induced currents

To determine the power absorbed by the resistive film in
the TES, it is first necessary to deduce the currents which the
incident field excites upon the thin-film absorber. Consider
a thin resistive film occupying the regionS of the plane
z = z0. Let rt denote a point(x, y) on the film’s surface,
with the absolute position of the point in space given by
r = rt + z0ẑ. For simplicity, we will assume that the surface
impedance of the film, inΩ, is given by the scalar function
Zs(rt). Directional anisotropies in the surface impedance may
be included by elevatingZs(rt) to a dyadic function ¯̄Zs(rt),
and non-local behaviour by elevating it to a two point function
¯̄Zs(rt1, rt2).

The incident electric fieldEI will excite surface currents on
the film, and these currents in turn produce a scattered electric
field ES . The current density associated with the induced
currents is off the form

J(rt, z) = JS(rt)δ(z − z0), (1)

where we shall refer toJS as the surface current density. As
the currents are confined to flow on the surface of the film,JS

is tangential to the film surface at all points, and as a surface
current density it has unitsAm−1. Following Senior[3], we
assume that over the surface of the film, the total electric field
–incident plus scattered– and the surface current density satisfy
the relation[

¯̄I−ẑẑ
]
·
[
EI(rt1, z0)+ES(rt1, z0)

]
= Zs(rt1)JS(rt1). (2)

The dyadic acting onEI and ES simply picks out the
component tangential to the film. (2) is essentially the well-
known conductivity equation for the current density applied
to surface currents, and is used widely in the electromagnetic-
modelling community as a starting boundary condition.

We assume now that in the space containing the film there
exists a relationship betweenES andJ in terms of a Green’s
dyadic of the form

ES(r) =

∫
d3r ¯̄G(r1; r2) · J(r2). (3)

Substituting (3) and (1) into (2) gives
[
¯̄I − ẑẑ

]
·EI(rt1, z0) = ZS(rt1)JS(rt1)−

[
¯̄I − ẑẑ

]
·
∫

d2rt2
¯̄G(rt1, z0; rt2, z0) · JS(rt2, z0).

(4)

This equation gives the tangential component of the incident
field if the surface current is known, and must be inverted to
give the current from the incident field. This is done by writing
JS and

[
¯̄I − ẑẑ

]
·EI in decomposed form,

JS(rt) =
∑

n

αnUn(rt) (5)

and [
¯̄I − ẑẑ

]
·EI(rt, z0) =

∑

m

βmVn(rt). (6)

The basis functions set used for the field and the current
need not been the same, and the sets need not be individually
orthogonal. Basis functions can be defined over a sub-region
of the film (local) or defined over the entire film (global).
Localised basis functions are useful for first determining the
surface current distributions that can be excited on a film. For
array simulations, where it is beneficial to use small basis
sets, they may then be replaced with a reduced set of global
basis functions chosen to best span the current distributions
observed. Substituting (5) and (6) in (4) yields

∑

m

βmVn(rt1) =
∑

n

αn

(
Zs(rt1)Un(rt1)−

[
¯̄I − ẑẑ

]
·
∫

d2rt2
¯̄G(rt1, z0; rt2, z0) · Un(rt2)

)
.

(7)

In a traditional MoM approach[4], a set of so-called weighting
and testing functions would now be introduced. The inner
product of these functions with (7) is would then be taken
to generate a matrix equation. Instead we will make use of
the duals,{Ṽm(rt)}, of the field basis functions,{Vm(rt)}.
The dual basis set is defined such that∫

d2rt Ṽ
∗
m(rt) · Vn(rt) = δmn, (8)

and its explicit calculation is discussed in [5]. Left multiplying
(7) by the conjugate of each dual basis function, then integrat-
ing, results in the matrix equation

β =
(
Z − G

)
·α, (9)

where

Zmn =

∫
d2rt ZS(rt) Ṽ

∗
m(rt) · Un(rt), (10)

and

Gmn =

∫
d2rt1

∫
d2rt2 Ṽ∗

m(rt1) · ¯̄G(rt1, z0; rt2, z0)·Un(rt2).

(11)
Relation (2) has successfully been reduced to a matrix equa-
tion, and may be inverted by finding the pseudo inverse of the
matrix on the left hand side. Letting,M = (Z−G)−1, we have
explicitly that

α = M · β. (12)
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Using (6) and (8) it is straightforward to show that

βm =

∫
d2rt Ṽ

∗
m(rt) · EI(rt, z), (13)

This allows the decomposition coefficients for the incident
field to be found, which may then be used with (12) and (5)
to construct the induced current. Consequently onceM has
been found for the particular film, we are able to calculate
the current induced on it by any incident field at the relevant
wavelength.

B. Determining the power dissipated in the absorbing film

Of principle interest to us is the total powerP dissipated in
the film, as it is to this that the TES as a whole is sensitive.
The power dissipated by the currents is given by

P =
1

2

∫
d2rt ℜ[Zs(rt)]|JS(rt)|2. (14)

Substituting (5) into (14), we find that theP can be written
in terms of the current decomposition coefficients as

P =
1

2
α† · C · α, (15)

where

Cmn =

∫
d2rt ℜ[ZS(rt)]U

∗
m(rt) · Un(rt). (16)

The expression forP in terms of the field decomposition
coefficients follows logically using (12):

P =
1

2
β† · M† · C · M · β. (17)

The power absorbed can now be calculated for a given incident
field.

C. The Detector Response Function (DRF)

A very powerful result can be obtained by substituting (13)
into (17). Letting

D =
1

2
M† · C · M, (18)

we obtain

P =
∑

m

∑

n

∫
d2rt1

∫
d2rt2

Dmn

(
Ṽ∗

m(rt2) · EI(rt2, z)
)∗(

Ṽ∗
n(rt1) · EI(rt1, z)

)
.

(19)

The kernel of this integral may be written in a more instructive
form by adopting double dot notation for dyadics:
∑

m

∑

n

Dmn

(
Ṽ∗

m(rt2) · EI(rt2, z)
)∗(

Ṽ∗
n(rt1) · EI(rt1, z)

)

=
( ∑

m

∑

n

DmnṼm(rt2) Ṽ∗
n(rt1)

)
··
(
EI(rt1, z)E∗

I(rt2, z)
)
.

(20)
Using (20) and then taking the ensemble average of (19) gives

< P >=

∫
d2rt1

∫
d2rt2

¯̄D†(rt1; rt2) · · ¯̄E(rt1; rt2), (21)

where
¯̄E(rt1; rt2) =

〈
EI(rt1, z)E∗

I(rt2, z)
〉

(22)

is the correlation dyadic of the incident field, or EFC, and

¯̄D(rt1; rt2) =
∑

m

∑

n

Dmn Ṽm(rt1)Ṽ
∗
n(rt2). (23)

is the Detector Response Function, or DRF.
Equation (21) completely describes the optical response of

the detector to partially coherent fields[1], [6]. The relationship
between the DRF and the detector is analogous to that between
an antenna and its reception pattern. However, whereas the
reception pattern of a classical antenna is a fully coherent
field, the DRF is a partially coherent field. It describes the
state of coherence of the incident field in which the detector
is sensitive to power. The amount of power absorbed by the
detector depends on how well the actual state of coherence of
the field, described by the ECF, ‘overlaps’ with the desired
state. (21) is simply the inner product between these two
state vectors in an abstract space. Like a reception pattern,
the DRF can be back-propagated through an optical system
to determine the responsivity of the detector to power on a
different reference surface. As a partially coherent field,the
DRF admits a decomposition in terms of coherent modes.
These coherent modes, which are called the natural modes
of the detector, correspond to the modes of incident field in
which the detector is incoherently sensitive to power.

D. Extension to arrays of films

For an array of films, the boundary condition (2) must be
satisfied on each film. Again the incident field and surface
current density on each film are in expanded in a set of basis
functions. A matrix equation is set up as in section II-A,
remembering to take into account the cross terms between
basis functions on different films (which are coupled by
¯̄G(rt1, rt2)). The process of finding the induced currents then
follows in the same way as in the case of the single film. When
calculating the power absorbed, the currents over a sub-setof
films - ranging from an individual pixel to an array sub-cell
- can be considered and the appropriate DRF for that sub-
assembly found. This formulation takes into full account the
electromagnetic cross talk between members of the array when
considering the behaviour of single elements.

III. S IMULATION DETAILS

A. Arrangement considered

As a first application of the scheme outlined above, we have
studied the optical properties of square films in free space as a
function of the film size and surface impedance. The simula-
tions represent the behaviour expected for a single resistive
film TES bolometer isolated from any scattering structure.
This is an unlikely configuration in reality, as such devices
are typically employed in imaging arrays where, at minimum,
there will be scattering from adjacent pixels. Simulationsof
full arrays are computationally intensive, and it is desirable
for efficiency to use the smallest possible basis set on each
film that can adequately describe the current distributionsthat
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Fig. 1. Diagram showing the arrangement considered in the simulations and
the notation used for the incident radiation.

may be excited. Simulations on a single detector are useful
for determining these current distributions, and are therefore
an important first step in the analysis of a full array. In
addition, in a recent paper [7] we have proposed a simplified
model for the electromagnetic behaviour of thin-film absorbers
and investigated the resulting optical behaviour. Part of our
motivation for performing simulations on single detectorswas
for comparison with this previous work. In particular, we were
keen to determine the exact conditions under which the model
is a good approximation to the actual behaviour. Finally, we
are also interested in how the optical behaviour of the detector
may be altered by patterning the absorbing film. This is best
investigated initially without the additional complication of
scattering from other structures.

Figure 1 illustrates the geometry considered. The film is
assumed to a square of side lengthp lying at the centre of the
planez = 0. In subsequent sections we consider illuminating
the film with a monochromatic plane wave of wavelengthλ,
and it is useful to consider the form the incident field takes.
We restrict ourselves to waves whose direction of incidence
is in the (x, z) plane, and will useθ to denote the angle the
direction of travel makes with the positivez-direction. The
functional form of the incident field over the film’s surface is
given by

E(rt) = E0 exp[−ikx sin θ]

{
cos θx̂ − sin θẑ p-polarised

ŷ s-polarised,
(24)

wherek = 2π/λ and we adopted the normalp and s polar-
isation states. In the sections that follow we will concentrate
on the optical behaviour of the film under these illumination
conditions.

B. Implementation details

The film is assumed to be in free space, so the Green’s
dyadic ¯̄G(rt1, z1; rt2, z2) for the problem is

¯̄G(rt1, z1; rt2, z2) = iωµ0

(
¯̄I +

1

k2
∇1∇1

)
g(rt1, z1; rt2, z2),

(25)

with

g(rt1, z1; rt2, z2) =
exp

[
ik

√
|rt1 − rt2|2 + (z1 − z2)2

]

4π
√

|rt1 − rt2|2 + (z1 − z2)2
.

(26)
It is immediately obvious that the Green’s dyadic is singular
when bothrt1 = rt2 and z1 = z2, and that this complicates
the numerical evaluation of the integrals in (11). We are free to
choose to the current basis functions and field dual functions,
and by careful choice we can to some extent alleviate these
numerical problems. In our simulations we employed the same
set of Rao, Wilson and Glisson (RWG) basis functions[8] de-
fined on a square mesh for both sets for both functions. RWG
basis functions are used extensively in the MoM community,
and the evaluation the integral of their product with the free
space Green’s dyadic is well documented. The approach taken
is to break the kernel of the integrals up into a singular and
non-singular part, a procedure called extracting the singularity.
The non-singular part is then handled numerically, whilst the
singular part when RWG basis functions are used is simple
enough that it may be evaluated analytically[9]. Using the
same set of basis functions for the current basis and field duals
also has the advantageZ = C, reducing the computations that
must be performed.

C. Simple model for the excited current

Full electromagnetic simulations may be to cumbersome for
some design problems. In these circumstances it is useful to
have a simpler model for the film’s behaviour, and to know
the regimes in which its use is valid. As a first approximation
to the full behaviour, the non-local response introduced bythe
scattered field can be ignored. The surfaced current,JS(rt),
induced at a point on the film then depends only on the
incident field,EI(rt), at that point. Naively, we might then
assume thatJS(rt) ≈ EI(rt)/ZS(rt) will be a good model
for the induced currents. However, it is unphysical as in the
limit ZS → 0 the surface current density tends to infinity at
all points.

For guidance we consider the analytically soluble problem
of a plane wave incident normally on an infinite film. From the
translational invariance of the problem, the wave must excite
an infinite sheet current. It can be shown that the electric field
radiated by an infinite current sheet lying in the planez = 0
is given by

ES(z) = −Z0

2
JS exp(ik|z|), (27)

whereZ0 is the impedance of free space. Using (27) in (2)
and rearranging gives

|JS | =
|EI|

Zs + 1
2Z0

, (28)

where the effect of scattering appears to be to increase the
effective surface impedance seen on induction by1

2Z0. Adopt-
ing this effective surface impedance as the proportionality
constant, we have for our simple model

JS(rt) ≈ 1

ZS + 1
2Z0

(
¯̄I − ẑẑ

)
·EI(rt, z0), (29)
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where the dyadic operator is there so the induced current only
has components tangential to the surface. In the subsequent
sections we shall compare this model with the simulation
results to determine the limits of its application. The optical
behaviour associated with this simple model is investigated in
detail in [7].

IV. SIMULATION RESULTS

A. Current distributions excited by ans-polarised plane wave

In order to understand power absorption by the film, it is
useful to first consider the spatial form of the induced currents.
Figure 2 shows the current distribution induced on films of
various size and surface impedance by ans-polarised plane
wave incident fromθ = 0◦. Film size,p/λ, increases across
the rows of the figure, and the surface impedance of the
film, Zs down the its columns. In each plot the black line
shows the current along the cut(x, 0, 0), and the grey line the
currents along the cut(0, y, 0). For both cuts the magnitude of
the dominant componentJy of the surface current is plotted,
and it is normalised to the incident magnetic field intensity
H to remove the dependence on incident field strength. For
all the simulations, a41 × 41 sub-domain mesh was used
and convergence of the solution was checked. Where the
approximate model (29) is valid, we expect the plots in fig. 2
to be straight lines at

|Jy|
|H| ≈ 2Z0

2ZS + Z0
. (30)

The current distributions found for perfectly electrically
conducting (PEC) films (top row of figure 2) are in agreement
with those in the literature[8], providing validation of the code.
Across the rows of figure 2, wherepλ is increasing, the surface
current distribution along both cuts are observed globallyto
flatten out. Flatten here is used to mean that the scale of
any variation in |Jy| decreases relative to the mean value.
On local scales we see the development of standing wave
like patterns in|Jy|, and these most likely result from the
trapping of the scattered field between film edges. For fixed
ZS , as p

λ is increased the mean current level is observed to
remain approximately constant. However, this should not be
taken as meaning the power absorbed will scale simply with
the increased area. Remember that the local power dissipation
scales with|Jy|2, making P sensitive to the precise spatial
current distribution. By the same principle, we see that in
electrically small, lowZS films, the edges are the regions
of highest power dissipation. Down the columns of figure 2,
where ZS is increasing, the same flattening of the current
distributions is observed. However, there is no accompanying
development of fine scale structure and, for fixedp

λ , asZS is
increased the mean current along each cut decreases.

Visually, the current distributions obtained agree best with
the predictions of (29) when eitherp

λ is larger than unity and/or
ZS is large compared withZ0. The numerical values for the
current in these regimes are also in good agreement with the
values expected from (30), which have been collated in table
I. When Zs is large,Z dominates the right-hand-side of (9).
For a uniform impedance film we then haveM ≈ ZS I, or

|Jy |/|Hx| ZS/Z0

0.00 2.00
0.50 1.00
1.00 0.67
2.00 0.40
10.0 0.10

TABLE I
VALUES OF |Jy |/|Hx| AS A FUNCTION ZS PREDICTED BY SIMPLE MODEL

JS(rt) ≈ EI(rt)/ZS . This is the same as (29) whenZS >>
Z0. Physically, whenZS is high the induced currents are small
so the scattered field is weak and can be ignored – this is
the main assumption made in the simple model. Whenp

λ is
large, the edges only weakly effect the behaviour in the bulk
of the film and it may essentially treated as being infinite in
dimension. Since we used the case of an infinite film to guide
our model, it is expected they will agree.

Figure 3 is the equivalent of figure 2 for a plane wave
incident at angleθ = 90◦, i.e. edge-on. The current distribution
along the(0, y, 0) cut is, in all cases, similar in shape to that
observed for a normally incident wave. Along the(0, x, 0)
cut different behaviour is observed. WhenZS is less thanZ0,
in general the current distribution along(0, x, 0) is peaked at
the leading edge of the film, then decays exponentially in the
direction of propagation of the wave across the film. This is the
effect is a result of the currents on leading edge screening the
bulk film. It means that for large, lowZS , films the majority of
the induced current is confined to a small strip near the edge
when θ = 90◦. This fact will become important in the next
section when we discuss how the edge on absorption cross
section scales withp.

Similar trends in the current distributions excited by the
edge-incident wave are observed for increasingp

λ andZS as
for the normally-incident wave. One difference is that with
ZS fixed, the mean current now decreases asp

λ increases due
to the decay over the films surface. In the limitp

λ > 1 and
ZS > Z0 the simulations for the edge incident wave are still in
good numerical agreement with the simple model, even though
it was formulated assuming a normally incident wave.

It is worth noting that since currents are excited on the
film when ans-polarised wave is incident edge-on, power is
dissipated and the TES is therefore be sensitive to radiation
incident from edge-on. This is a fact which may not be
immediately obvious, and is discussed in detail in the next
sub-section. It has important implications for the stray-light
sensitivity of thin film devices.

B. Effective area of the film as a function ofθ and the
polarisation

A useful measure of the ability of a film to extract power
from the incident plane wave is the effective area,AE . The
effective area is ratio of the total powerP dissipated in the
film to the power flux in the incident wave:

AE =
2Z0P

|E0|2
. (31)

Obviously, AE will be a function of both the direction of
incidence and polarisation of the plane wave. Usually we plot
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Fig. 2. Plots showing the current distributions excited by an s-polarised wave incident at an angleθ = 0◦.

AE/λ2 and usep
λ , as this allows the scaling of the results

from the simulation to any physical scale.
We will restrict ourselves to plane waves incident according

to the restrictions in III-A. With the approximate model of the
induced current, using (29), (14) and (24) gives

AE(θ)

λ2
=

4Z0ZS

(2ZS + Z0)2

( p

λ

)2
{

1 s-polarised

cos2 θ p-polarised.
(32)

Notice that the response tos-polarised waves is expected to
be isotropic in the regime where the model is valid, i.e. the
film should be as sensitive to plane waves incident edge on
as it is face on. It may at first appear surprising that the film
is sensitive to power incident edge-on, but remember that the
E-field when the wave iss-polarised andθ = 90◦ is directed
tangential to the film surface. It is, therefore, still able to excite
a surface current and dissipate power. By contrast theE-field

associated with the equivalentp-polarised wave is normal to
film, is unable to force a current and soAE(90◦) = 0. The
normal and edge-on cross sections forp-polarised radiation
are the same in the simple model as the currents excited by
the two waves are identical. This is not the case in reality, as
will be seen shortly.

Figure 4 shows polar plots ofAE as a function ofθ and
polarisation direction for films of several different values of
p
λ and ZS . The size of film decreases down the rows of
the array, and the surface impedanceZS increases across the
columns. These plots describe the angular response that would
be expected from a resistive film bolometer.

At low ZS the results for the4λ × 4λ film (first row of
figure 4) are as we might have expected intuitively.AE(0◦)
for both thep- ands-polarised wave is approximately half the
physical pixel area (except at very lowZS). For thes-polarised
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Fig. 3. Plots showing the current distributions excited by an s-polarised wave incident at an angleθ = 90◦.

wave,AE(90◦) is zero for the reasons explained above. For
thep-polarised waveAE(90◦) is finite, but still much smaller
than the face-on cross section. Generally, for thep-polarised
plane the film behaves as it is comprised of two Lambertian
absorbers, one of which is orientated parallel to the film and
the other normal to it. AsZS is increased the response to
the s-polarised wave becomes more forward directed, while
AE(90◦) is seen to increase towardsAE(0◦). At very low
ZS , the films absorption patterns exhibit lobe structure like an
antenna.

TheAE curves for theλ×λ and0.25λ× 0.25λ film (rows
two and three of figure 4) have a similar structure to those for
the much larger film. However, for allZS the values ofAE(0◦)
andAE(90◦) for the p-polarised wave are more comparable.
At low ZS , AE(90◦) even exceedsAE(0◦), which is not
intuitive. At highZS , the results for electrically small films are
in excellent agreement with the behaviour predicted by (32).

It is worth considering how the effective area for as-
polarised edge-incident wave can exceed that for a normally
incident wave of the same polarisation, as observed for the
electrically small films in figure 4 whenZ0 < Zs. This
behaviour can be explained in terms of the current distributions
observed in section IV-A. When ans-polarised plane is
normally incident, the induced current can be approximatedas
a uniform sheet. The magnitude of the current is approximately
independent of film size (figure 2), so we expect the total
power absorbed, and thusAE(0◦), to scale asp2. For the
equivalent edge incident wave, ifZs < Z0 the current is
confined to a narrow strip at the leading edge of the film.
Its value on the leading edge for fixedZS is approximately
independent of the film size (figure 3), so we expectAE(90◦)
to scale asp. This result also follows by noting that the narrow
strip current at the edge should behave like a thin-wire antenna.
These simple scaling rules can be seen to roughly hold for the
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Fig. 4. Plots showing the effective area of the absorber as a function of polarisation and incidence angle.AE/λ2 is plotted on the polar axis.

values in table II, which are for a film withZS = 0.5Z0. If
AE(0◦) ∝ p2 and AE(90◦) ∝ p hold for all p, it is always
possible to find a value ofp below whichAE(90◦) is greater
then AE(0◦). This explains why, whenZS < Z0, the edge-
incident value ofAE for ans-polarised wave exceeds the value
for normal incidence only once the film falls below a certain
size relative to the wavelength, e.g. figure 4.

Extrapolating in the other direction, forZS < Z0 we would
expectAE(90◦) to grow much faster withp thenAE(0◦) for
thep-polarised wave. For large, low impedance films, theAE

for a normal incident wave should therefore greatly exceedAE

for edge-on wave, as observed in the data. WhenZS > Z0,
from figure 3 we see that for edge-incident waves the current is
less concentrated at the leading edge. In this circumstance, we
would therefore expectAE(90◦) ∝ p2. This should mean for
highZS films thatAE(0◦) andAE(90◦) should be comparable
for all p, in agreement with the observed trends.

Finally it is traditionally assumed that a free-standing thin
film is only able to absorb, at maximum, half of the power
incident upon it. We would therefore expectAE to always
be less than or equal to half the film’s geometric area,p2.

p/λ AE(θ = 0◦) AE(θ = 90◦)

0.25 0.06 0.06
0.50 0.17 0.20
1.00 0.60 0.60
2.00 2.00 1.5
4.00 8.00 3.5

TABLE II
AE/λ2 AS A FUNCTION OFp FOR A WAVE INCIDENT NORMALLY AND

EDGE-ON, ZS = 0.5Z0 .

This indeed the case whenp > λ in figure 4, however for
the electrically small films values ofAE almost equal to the
physical area are observed. It is well known from antenna
theory that the effective area of an electrically small antenna
can exceed its physical area (e.g. the Hertzian dipole), andthe
observed behaviour is simply a manifestation of this effect.

C. Detector Response Function (DRF)

The DRF was introduced in section II-C and fully describes
the response of the detector to partially coherent radiation. A
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Fig. 5. Plot of part of the DRF for a 188.5Ω 0.25λ × 0.25λ film. y1 =
y2 = 0

useful physical picture of the DRF is as the correlation dyadic,
(22), of the particular state of coherence of the incident field to
which the detector is responsive. A natural terminology that
then arises is to describe the detector response as coherent,
partially-coherent or incoherent depending on the level of
coherence in the field the DRF describes. As an example,
consider the DRF predicted using the simple model for the
electromagnetics of the field from III-C. Substituting (29)into
(14), it is straightforward to show that

¯̄D(rt1, rt2) =
ZS

2(ZS + Z0/2)2

(
¯̄I − ẑẑ

)
δ(rt1 − rt2), (33)

which represents a fully incoherent response. Power detectors
that use traditional antennas, for example a microwave ra-
diometer, are an example of a fully coherent detector. Partially
coherent detectors show intermediate behaviour, with the DRF
taking non-zero for small values of|rt1 − rt2|.

Space precludes a full discussion of DRFs calculated for
the resistive films, but fig. 5 has been included to show the
general behaviour. The data in the plot is for a0.5λ × 0.5λ
film with uniform surface impedanceZS = 0.5Z0. There are
two main problems that arise when trying to represent DRFs
graphically. The first is that they function of two position
vectors, which in this case results in a four-parameter function
¯̄D(x1, y1;x2, y2). For all the lines in fig. 5,y1 andy2 are zero,
while each line represents results for a different value ofx2

(which are equally spaced along the cut(x, 0, 0)). This leaves
x1 as the dependent variable. The second difficulty is that the
dyadic has multiple elements. In fig 5 only theyy component
is shown. A sharp peak in each line is observed at point where
x1 = x2. Further simulations have shown that these peaks
behave like delta functions, and correspond to the incoherent
part to the film’s response. Unlike the behaviour predicted by
(33), the incoherent response is non-uniform over the film’s
surface and is observed to decrease at the edges. Coherence
is observed in the DRF over scales|x1 − x2| < 0.05, and
so overall the response of absorber is partially-coherent.This
coherence results from the ability of the induced current atone
point to effect the current at a second point via the scattered
field.
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Fig. 6. α = AE(θ = 90◦)/p2 vs ZS for various film sizes

D. ChoosingZS to maximise the absorbed power

When designing a resistive film TES detector, the surface
impedance of the film is usually chosen to maximise the
absorbed power. For electrically large (p >> λ) free-standing
absorbers, it is usually assumed that the optimal value forZS

is 0.5Z0 as a result of the analysis of the case of an infinite
film (section III-C). However, there is no corresponding result
or advice for electrically small films. In order to rectify this,
we investigated the effect ofZS on α = AE(θ = 0◦)/p2 for
various size films and the results are shown in figure 6. For
each size of film, the effective area has been normalised to
the film’s physical area so that the curves can all be shown
on the same axes. Also included is the analytic result for an
infinite film, and it is reassuring the simulations tend to this
line when p

λ is large. As p
λ decreases the curve are observed

to become increasingly sharply peaked, and the location of
the maxima to move. There appears to be no definite rule
about the value ofZS needed to match the film to free space.
In the range p

λ = 4.0 − 0.5, the value ofZS at which α
is maximised –i.e. the match value– is observed to decrease
with decreasingp. However, by p

λ = 0.25 it seems to have
increased again. Consequently, these curves demonstrate that
for optically small devices, full electromagnetic simulations,
of the type described, will most likely be needed at the design
stage to find the optimumZS .

The code also allows us to investigate the effect that a
non uniform surface impedance has on the devices optical
behaviour. In particular, we have studied the effect of ‘striping’
the film, i.e. breaking into up into an array of parallel strips,
as opposed to one continuous film. Figure 7 showsAE as a
function ofθ for two λ×λ films made out of the same material
with the sameZS = 30Ω (well below the match point). The
film in 7(a) is continuous, while the film in (b) has been
patterned into an array three identical strips in they-direction,
separated by two gaps of the same width and occupying the
same overall footprint. The striping is seen to direct the films
response top-polarised waves forward:AE(0◦) is increased
and AE(90◦) decreased compared with (a). The trade-off is
that response tos-polarised waves is strongly suppressed in (b)
compared with (a), which depending on the situation this may
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Fig. 7. Effect of striping the resistive film. Sub-figure (a) shows the results
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sub-figure.

or may not be beneficial. This behaviour can be explained
in terms of the effective surface impedance of the striped
film. To currents flowing parallel to the strip orientation, the
film sections appear like a parallel array of lumped resistors.
Adding more high resistance gaps will therefore push the
effective film impedance in this direction up. For a low surface
impedance material (e.g.30Ω/sqr) this can bring the film’s
effective surface impedance closer to the match value. It isthis
effect that causes the increase inAE(0◦) for the s-polarised
wave in 7(a). Currents attempting to flow perpendicular to the
strips see a broken path and correspondingly a very highZS .
This leads to the decrease inAE(90◦) for thep-polarised wave
in 7(a). Striping offers the possibility of making resistive film
detectors with highly polarised beams, or alternately a method
of improving the matching of lowZS films to free space.

V. CONCLUSIONS

It is possible to analyse the optical behaviour of certain
classes of power detector in a rigorous way by using a
method-of-moments like formulation to determine the power
dissipated in the thin, resistive, films that comprise them.The
far-field response, polarisation and natural detector can be
calculated numerically, as well as the cross-talk between adja-
cent detectors in an array. To demonstrate the technique, full
simulations of a single, isolated, resistive film TES detector
were performed. The effect of the absorbing film’s dimension
and surface impedance have on the device’s optical behaviour
have been investigated rigorously, leading to the following
recommendations:

• When the resistive film is electrically large and/orZS >>
Z0, the optical behaviour of the TES is well described by
the simple model described in section III-C and [7]. When

the absorbing film is electrically small and/orZS < Z0,
full electromagnetic simulations, as described here, must
be performed to determine the value ofZS required for a
match, as well as other aspects of the optical behaviour.

• Resistive film bolometers are expected to be sensitive to
stray light at high angles of incidence. This will not be
so much of a problem in the centre of an imaging array,
where the pixels shield each other. However it may be an

issue for detectors at the edge. A possible solution is to
introduce a guard ring around the array, which will also
mitigate edge effects in the beams.

• By using a spatially varying surface impedance, the
polarisation properties of the detector can be altered. A
striped pattern can also be used to obtain a better match
to free space when only lowZS films can be fabricated.
We have investigated the effect of ‘striping’ the film in
detail, and hope to produce a paper with some design
rules in the near future.

Future work will focus on analysing the interaction between
the absorbing films in an imaging array. We have already
determined how to include a ground plane in the simulations
via the Green’s dyadic. This will allow the analysis of a very
common detector architecture, where a back-short is placed
behind the film to improve absorption. Additionally, we are
using the modelling scheme described in the paper as a tool
in the development of a new class of end-fire absorber.
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Abstract—We present the first, complete 230 GHz feedhorn
array manufactured by direct drilling of smooth–walled horns
into a single plate of aluminium. The horn design process,
based on a genetic algorithm, is described and the fabrication
process, via direct drilling using shaped drill bits, is presented.
We present cross coupling and beam pattern measurements of
a close–packed pair of the smooth–walled horns fabricated in
a single block of aluminium. We also present a prototype 37
horn array, again fabricated by drilling into a single block. Our
measurements show that our designs and fabrication techniques
will be robust when applied to large focal arrays of horns
consisting of hundreds or thousands of feedhorns. We expect our
smooth–walled horn designs and novel manufacturing techniques
will offer an attractive, low-cost alternate to traditional horn
arrays consisting of electroformed corrugated horns.

I. I NTRODUCTION

High quality feed horns for astronomical telescopes are
usually corrugated horns, where the hybridHE11 is made
to propagate by fabricating many∼ λ/4 corrugations along
the interior of the horns (Figure 1). While these horns offer
excellent beam patterns with high circularity and low cross
polarisations over wide (∼ 50%) bandwidths, they suffer
from the disadvantage of being time consuming and expen-
sive to manufacture, particularly as the wavelength decreases
into the submillimetre regime. Corrugated horns are usually
manufactured by micromachining a mandrel which is then
electroplated before the mandrel is dissolved in a process
known aselectroforming. This process is time-consuming and
expensive and individual submillimetre horns made in this way
can cost of order of 1000 USD each. This is not a problem
when only a few horns are required, but for large format focal
plane array receivers[1][2] requiring hundreds or thousands of
horns, the cost of the feed horns themselves can become a
large fraction of the entire cost of the instrument.

In this paper, we describe the design of smooth-walled
feed horns which use discontinuities in flare angle near the
throat of the horn to excite a balance of higher order modes
which are then phased by choosing the length of the horn
to give a uniform horn aperture illumination and hence a
high quality far-field beam pattern. These horns are similar
to Potter horns[3],[4], where a balance ofTE11 and TM11

Fig. 1. The cross-section of a corrugated horn.

modes are excited by step or flare angle discontinuities nearthe
throat. Traditionally, Potter horns have been difficult to design
analytically since the throat discontinuities will in general
excite a spectrum of higher order modes, which effect the
aperture field distribution in complicated ways, especially as
one moves away from the central design frequency. These
higher order modes make it hard to produce broadband designs
analytically and thus the problem suggests the use of numerical
optimisation techniques. Here we use a combination of a
genetic algorithm[5] and modal matching[6] to produce op-
timised broadband horn designs. We have previously reported
the successful use of this technique to design Potter horns with
both step and flare angle discontinuities[7].

The simplicity of the interior shape of our multi-flare
angle horns means that they lend themselves well to novel
fabrication techniques. In this paper we describe a “drilling”
technique which uses a machine tool whose cutting edge is
shaped to match the interior profile of the required horn.
We present experimental beam pattern results measured for
horns and horn arrays manufactured using this technique.
We also measure the cross coupling between two horns and
present new results from modelling these horns using the full
3D electromagnetic simulation package, Ansoft’s HFSS. Such
HFSS modelling will be useful in understanding the effects
of non-axisymmetric machining errors on the far–field beam
patterns of the horns.
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Fig. 2. A schematic of (a) a 2–section and (b) a 3–section smoothwalled
horn with one and two discontinuities in flare angle, respectively.

II. D ESIGN WITH A GENETIC ALGORITHM

Genetic algorithms employ a “natural selection” process
which is similar to biological evolution[5]. We begin by
encoding the parameters which describe a certain horn design
to form a “chromosome”. We then construct a random set of
horn designs and their corresponding chromosomes to form
a population. We then evaluate a cost (or quality) function
for each design to measure its fitness. Our cost function
incorporates weighted measures of beam circularity and cross–
polarisation, calculated using modal matching[6], acrossthe
required frequency band [7][8]. The chromosomes forming the
fittest half of the population are then randomly paired to form
parents which produce offspring to form a new generation.
When the offspring are generated, crossover and mutation are
used to introduce variation into the next generation. The whole
process is then repeated with the new population. After many
iterations, this evolutionary process yields an increasingly
fitter population, with the optimised design being the fittest
individual. Once the position of the global cost function
minimum has been approximately found using the genetic
algorithm, the precise position of the minimum can be quickly
found using a downhill simplex technique.

A careful choice of the cost function is important for
efficient optimisation with the GA. Our cost function is
chosen to maximise far–field beam circularity and minimise
the peak cross–polar level. A Potter horn with good beam
circularity and low cross–polarisation will also tend to exhibit
low sidelobe levels and high beam efficiency, so we have not
included the latter parameters explicitly in the cost function.
The return loss for smooth walled Potter horns is usually low
and does not depend strongly on the horn profile, so we have
not explicitly included this parameter in the cost function. Our
cost function, at single frequencyf may be written as

δ2
f = wX

[
P=−30∑

P=−1

( σP

σav
P

)2

wP

]
(1)

where P is the power level in dB,wP = 10P/15 is the
weighting function for the beam circularity,wX is the peak

TABLE I
GEOMETRICAL PARAMETERS FOR THE3–SECTION230 GHZ DESIGN

Parameter Length (mm)
R0 0.62
R1 1.486
R2 1.812
R3 3.652
L1 1.479
L2 1.212
L3 24.0

cross–polar power relative to main–beam peak power,σP

is the difference between the E and H–plane beamwidths
at power levelP dB and σav

P is the mean E and H–plane
beamwidths at power levelP dB. We calculate our final cost
function across bandwidthσf = fU −fL centred at frequency
f0 via

δ2 =
∑

f

δ2
fwf (2)

wherewf = exp(−(f −f0)
2/2σ2

f ) is the frequency dependent
weighting factor. While this cost function works well for our
purposes, it should be emphasized that other cost functionscan
be easily incorporated into the design software, dependingon
the design requirements.

We have developed a fully automated suite of horn design
software using a genetic algorithm for design synthesis and
modal matching for pattern computation, and produced designs
with excellent predicted patterns over a bandwidth of up to
20%. We have also successfully parallelized the code to run
on multiple CPU Beowulf clusters using MPI messaging for
communication between tasks. We are using this code to
optimise designs with a larger number of discontinuities, and
hope to produce designs with bandwidths of up to 50%.

III. A 3- SECTION, 230 GHZ DESIGN

Table I shows the optimised parameters for a horn with
3 conical sections (2 flare angle discontinuities, Fig. 2(b)).
The input waveguide radius,R0 and the aperture radius
R3 were fixed prior to the optimisation of the remaining
five parameters. The FWHM beam width is 14.7 degrees at
230 GHz.

IV. FABRICATION OF SINGLE HORNS BY ELECTOFORMING

AND DRILLING

We have previously reported [9] the measured far-field beam
patterns for electroformed horn prototypes with the design
shown in Table I. We measured these beam patterns directly
the far–field using a vector network analyser as a direct detec-
tor. These measured patterns agreed well with the expected far
field patterns calculated using modal matching. This agreement
with theory for these prototype horns demonstrates that the
horns work well when constructed with the close tolerances
typically obtained with electroforming (∼ 5µm).

Figure 3 shows the shaped cutting tool we use for machining
our drilled horns. The tool is made from high speed steel,
and has the form of the horn described in Table I in its
upper cutting edge. We used this tool to manufacture three
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Fig. 3. The machine tool used for the fabrication of the drilled horn prototype.

Fig. 4. A completed 230 GHz prototype drilled horn.

individual horns (Figure 4), measuring the beam patterns of
two of the horns[10] while splitting the third horn to examine
the machining quality of its interior (Figure 5). The measured
beam patterns (presented in [10]) matched the expected beam
patterns well, with good beam circularity, low sidelobes and
low measured cross polar response (below -20dB across the
17% measured bandwidth). In particular each of the drilled
horns gave a virtually identical beam patterns, an important
result for the use of this horn construction method to make
large format focal plane arrays. We observed some asymmetry
(around 3 dB) in the sidelobe levels in each of the drilled
horns. We expect that this might arise from non-axisymmetric
machining errors, either in the positional or angular alignment
of the axis of the input waveguide and horn itself. A close
examination of Figure 5 shows that there is indeed a slight
mismatch (∼ 50µm) between the axis of the waveguide drill
tool and horn tool.

V. HORN SIMULATIONS IN HFSS

While modal matching is well suited for the analysis of
axisymmetric horns, it is less useful for analysing horns with

Fig. 5. The throat region of one half of the split drilled horn.

Fig. 6. A section of the HFSS model used to calculate the cross coupling
between two horns, showing the mesh points used.

axial asymmetry, such as those that might arise from errors
in the alignment of the horn and waveguide cutting tools.
For circular waveguide sections with a common centre, the
overlap integrals between waveguide modes can be expressed
analytically, which is not the case when the waveguide sections
are offset. In order to examine the effect of off-axis machining
errors, as well as calculate the cross coupling between horns,
we created a model of the 3-section horn described above
in Ansoft’s HFSS, a full electromagnetic simulation package.
Unlike corrugated horns, which have many corrugations per
wavelength, Potter-type horns with long, smooth phasing sec-
tions are much more amenable to analysis using HFSS, since
these phasing sections do not require a large number of mesh
points per wavelength for an accurate treatment. Nevertheless
accurate HFSS models for these horns do require a relatively
large number of mesh points and consequently a reasonably
large amount of available RAM for analysis. The model whose
meshing is shown in Figure 6 required 12 GB of RAM for
analysis.

A comparison of the beam patterns calculated for a single
3–section horn using HFSS and modal matching are shown
in Figures 7 and 8. The agreement down to the∼ −30 dB
response level is seen to be very good indicating that HFSS isa
promising tool for modelling this type of smooth walled horn.
There are some slight disagreements in sidelobe levels around
∼ −40 dB, which may be due to the automated HFSS meshing
being slightly too coarse to capture the mode conversion at
the discontinuities near the throat with sufficient accuracy.
We are currently further investigating these slight differences
between the HFSS and modal matching predicted patterns.
Nevertheless, our results show that HFSS is a useful tool for
investigating cross coupling between horns (discussed below)
and also examining the effect of non-axisymmetric machining
errors in tolerancing studies.

VI. A 2- HORN ARRAY PROTOTYPE

In order to investigate the suitability of our horns for use in
an array, we produced a 2-horn array prototype with a horn
centre separation of 8 mm, a packing density appropriate for
focal plane arrays (Fig. 9). We measured the beam patterns for
each horn in the array, using the far–field antenna test range
described above. The results are shown in Figs. 10–13. The
match between the theoretical patterns, calculated using modal
matching, and the experimentally measured patterns is seento
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Fig. 7. A comparison of HFSS simulated H-plane beam patterns (green
dashed line) and H-plane beam patterns calculated using modal matching
(solid red line).

-60

-50

-40

-30

-20

-10

 0

-60 -40 -20  0  20  40  60

R
es

po
ns

e 
(d

B
)

Angle (degrees)

210 GHz E-plane 
 Modal Matching vs. HFSS

-60

-50

-40

-30

-20

-10

 0

-60 -40 -20  0  20  40  60

R
es

po
ns

e 
(d

B
)

Angle (degrees)

230 GHz E-plane 
 Modal Matching vs. HFSS

-60

-50

-40

-30

-20

-10

 0

-60 -40 -20  0  20  40  60

R
es

po
ns

e 
(d

B
)

Angle (degrees)

250 GHz E-plane 
 Modal Matching vs. HFSS

Fig. 8. A comparison of HFSS simulated E-plane beam patterns (green
dashed line) and E-plane beam patterns calculated using modal matching
(solid red line).

be very good. It should be noted that the slight asymmetries
found in the patterns are very similar in magnitude for both
horns and also that these asymmetries are oriented similarly
for both horns. This indicates that they are very likely caused
by a small axial misalignment, which would be of similar
magnitude and orientation for both horns as they are machined
in turn into a single plate.

We also used our two horn array prototype to measure
the cross coupling between the two horns. We measured this
coupling using a vector network analyser in an anechoic
chamber, using an absorbing carbon loaded plastic cone in
front of the two horn array. Our measured cross couplings
should thus be viewed as upper limits, since some fraction
of the coupling may be due to residual reflection from our
absorbing cone. We also calculated the expected cross cou-
pling for our horn array using HFSS. Figure 14 shows the
measured and simulated cross coupling for our two horns
across the operating bandwidth. The experimentally measured

Fig. 9. The two horn array prototype, made by repeated drilling into a single
block of aluminium.
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Fig. 10. A comparison of the theoretical beam patterns calculated using
modal matching and the experimentally measured H-plane beam patterns for
horn No.1 of the 2 horn block.
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Fig. 11. A comparison of the theoretical beam patterns calculated using
modal matching and the experimentally measured E-plane beam patterns for
horn No.1 of the 2 horn block.

cross coupling is below -70 dB across the band, an excellent
result for the use of these horns in focal plane arrays. The
predicted HFSS cross coupling are also low, but only agree
with the experimentally determined cross coupling to within
10 dB or so. We are currently investigating this disagreement,
which may be due to a lack of numerical precision within
HFSS when the claculated S-matrices become very low (∼-
60 dB). We are also investigating analytical approaches for
calculating the cross coupling based on the methods presented
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Fig. 12. A comparison of the theoretical beam patterns calculated using
modal matching and the experimentally measured H-plane beam patterns for
horn No.2 of the 2 horn block.
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Fig. 13. A comparison of the theoretical beam patterns calculated using
modal matching and the experimentally measured E-plane beam patterns for
horn No.2 of the 2 horn block.
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Fig. 14. Measured and HFSS simulated cross coupling between the two
horns in the 2 horn prototype array.

Fig. 15. The 37 horn array prototype, made by repeated drilling into a single
block of aluminium.

in [6].

VII. A 230 GHZ, 37 HORN ARRAY AND 700 GHZ HORN

PROTOTYPES

We have now constructed a prototype 37 horn hexagonally
close packed horn array for use at 230 GHz (Figs. 15 and
16). We plan to measure the beam patterns for all of the
individual horns in the array, as well as measuring the cross
coupling between selected pairs of horns in the array. We are
also extending our horn design to higher frequencies and have
constructed an individual 700 GHz horn, with a design scaled
from that presented above using the same drilling technique.
We are currently constructing a custom far field test range with
a 4K cooled bolometer detector (usable between 100 GHz –
1 THz) to test both the array and the 700 GHz horn prototype.

VIII. C ONCLUSIONS AND FURTHER WORK

We have developed a technique, based on a genetic algo-
rithm and modal matching for designing smooth walled horns
with several discontinuities in flare angle. We have verified
our design technique by constructing 230 GHz prototype
horns to a high tolerance using traditional electroformingand
measuring the beam patterns using a far–field test range. The
beam patterns agreed well with theory, showing excellent
beam circularity and low cross polarisation over the measured
bandwidth of around∼ 17%. We are currently using our
design software to design 4 section horn with the hope of
extending the bandwidth to around 50%.

Fig. 16. The 37 horn array prototype showing a multiplate split block
which enables power to be delivered to each of the horns from asplit block
waveguide at the side.

Fig. 17. The 700 GHz drilled horn prototype.

Our horns lend themselves well to the novel fabrication
technique of repeated drilling using a shaped machine tool.We
have constructed two separate horns using this technique, as
well as a two horn close–packed array. The individual drilled
horns and the horns in the 2-horn array exhibit high quality
beam patterns, with excellent reproducibility between horns.
We have seen slight asymmetries in these beam patterns which
are likely to be due to small non-axisymmetric machining
errors. We have successfully modelled our horns using the
full 3D electromagnetic modelling package HFSS, which we
intend to use to arrive at well understood target tolerancesfor
the angular and positional alignment of the waveguide and
horn drilling tools.

We have measured the cross-coupling of the close packed
horns in the 2 horn prototype array and have found this to
be below -68 dB across the operating bandwidth. We are
also investigating the use HFSS and analytical techniques to
characterise the expected cross coupling of close packed horns.

We have constructed a prototype 230 GHz, 37 horn close
packed horn array by repeated drilling into a single aluminium
plate, which we plan to test experimentally in the near future.
We have also made a 700 GHz drilled horn, which we will
test shortly. We are currently exploring the commercialization
of this technology, including our design software, design
methodology and horn fabrication techniques in collaboration
with ISIS Innovation Ltd., the Oxford University technology
transfer company.
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Abstract

SMILES, Superconducting Submillimeter-Wave Limb-Emission Sounder, is a highly sensitive limb-
sounding spectrometric radiometer to observe altitude profiles of ozone and ozone-depletion-related molecules
in the stratosphere in the submillimeter frequency bands, 624.32–626.32 GHz and 649.12–659.32 GHz.
SMILES was launched aboard the H-II Transfer Vehicle by the H-IIB launch vehicle on September 11,
2009, and was attached to the Japanese Experiment Module (JEM), dubbed “Kibo,” of the International
Space Station. The objective of the SMILES mission is to demonstrate highly sensitive submillimeter-wave
soundings and to monitor global distributions of the stratospheric trace gases. For these requirements a
superconductive low-noise receiver with a mechanical 4-K refrigerator is used in space for the first time.

In order to observe the stratospheric atmosphere with an altitude resolution of about 3 km from the
ISS orbit about 2000 km away, a 400-mm×200-mm elliptical offset Cassegrain antenna with a high beam
efficiency of 90% and low sidelobe levels below−20 dB is employed to vertically scan the atmosphere
with an elliptical beam with half-power beam widths of 0.09◦ in elevation and 0.18◦ in azimuth.

In this paper, the results of the measurements made for the flight model of the offset Cassegrain antenna
of SMILES are described. Although we have tried to make near-field measurements in which the amplitude
and phase of the near field of the antenna aperture by using a submillimeter vector network analyzer at
first, it did not work well because of its malfunctioning in the phase-lock circuit. Then, we have decided to
employ a near-field phase retrieval method in which the aperture phase distribution is estimated only from
the amplitude distribution measurements over two near-field planes. The far-field pattern estimated from thus
estimated near-field pattern were compared with theoretical calculations based on physical optics in which
the the surface errors measured for the main and sub reflectors were taken into account. As a result of the
comparison, the far-field pattern estimated from the phase retrieval method were found to be in very good
agreement with the physical optics calculations to the sidelobe levels as low as−55 dB. This demonstrates
that the phase retrieval is an effective method to evaluate aperture antennas in the submillimeter-wave region
where accurate phase measurement is rather difficult.
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Analysis of the ALMA Telescope and Front-ends
S.B. Sørensen*, K. Pontoppidan
TICRA, Copenhagen, Denmark

*Contact: ticra@ticra.com, phone +45-33-12-4572

Abstract— The purpose of the present study is to provide a more
detailed electromagnetic analysis of the telescope optics than
previously performed, including support leg blockage effects,
detailed reflector geometry, surface deformations and front-end
analyses. Radiation patterns including these effects are
calculated for all frequency bands.

I. INTRODUCTION

The ALMA (Atacama Large Millimeter Array) project is
an array of 12-meter radio astronomy telescopes now being
assembled in the high-altitude Atacama desert in Chile. A
very large bandwidth is covered by the array since each
telescope includes 10 receiver front-ends that operate from
30 to 950 GHz. TICRA became involved in ALMA through
a contract with ESO. Our work started late in the ALMA
project after the design of the telescope and most of the front-
ends was established, so our role was to provide accurate
verification of the optical design and to calculate the detailed
performance of the total telescope system for all frequency
bands. The paper will present a summary of the analysis of
both the front-ends and the telescope with emphasis on the
most challenging and critical aspects of the optics system.
Further details can be found in [1] and [2]. All analyses have
been carried out by the TICRA software tools GRASP [3]
and CHAMP for reflector antennas and corrugated horns,
respectively. These tools use accurate and well established
numerical methods, such as Physical Optics, the Method of
Moments and Mode Matching.

II. FRONT-END ANALYSIS

The total frequency bandwidth of the ALMA telescopes is
extremely wide (from 30 to 950 GHz) which necessitates a
complicated front-end with 10 separate receiver systems for
different frequency sub-bands. The sub-bands are numbered
from 1 to 10. As a typical example, the band 6 front-end is
illustrated in Fig. 1 and operates in the range from 211 to 275
GHz. The optics is located in a cryostat and consists of a
corrugated horn and two ellipsoidal mirrors. The apertures
corresponding to two thermal filters and a cryostat window
are also shown in the figure.

The design of such front-end optics is conveniently carried
out by Gaussian beam techniques by which a number of
beam parameters can be computed and optimized. More
accurate methods are, however, needed for verification of the
design.

The corrugated horn designs have for some bands been
verified by the CHAMP mode-matching software by which
the performance over the full frequency band can be

calculated with high accuracy, including cross polarization
and return loss.

Fig. 1 Band 6 front-end optics.

A detailed analysis of the ellipsoidal mirrors was carried
out for all bands by means of Physical Optics using the
GRASP software. This gives an accurate prediction of the
beam shape, cross-polarization, beam truncation and
diffraction at the edges of the mirrors and spill-over loss. The
filter and cryostat windows were treated as apertures in
screens to determine possible beam truncation effects,
whereas reflection and loss in the filter and window material
was found from measured data.

A. Feed Lens Analysis
The band 3 front-end operates from 84 to 116 GHz and is

shown in Fig. 2. Due to the relatively low frequency the
mirrors become large and must be located above the filters
and cryostat window and thus outside the cryostat. The
limited space also necessitates a short corrugated horn
supplemented with a phase correcting plano-convex
dielectric lens. A close-up of the horn+lens is shown in
Fig. 3.

121



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010

Fig. 2 Band 3 front-end optics.

Fig. 3 Band 3 horn with lens.

The analysis procedure was mode-matching for the
corrugated horn, a plane-wave expansion to transform the far
field of the horn to the lower surface of the lens and then the
Method of Moments for analysis of the lens. A special
complication is the concentric grooves in the lens as shown
in Fig. 4 which act as matching layers. Such grooves cannot
be modelled with Physical Optics, but can be handled very
accurately by the Method of Moments.

Fig. 4 Band 3 lens with grooves.

The effect of the grooves on the co-polar pattern is shown
in Fig. 5 and the cross-polar pattern is shown in Fig. 6. It is
seen that the grooves give a very significant reduction of the
reflection from the lens, but that the cross-polar maximum is
increased by app. 10 dB. It is also seen that such detailed
modelling is very important for accurate prediction of the
performance.

Fig. 5 Band 3 Feed+lens co-polar pattern
Blue curve: Smooth lens

Red curve: Lens with grooves

Fig. 6 Band 3 Feed+lens cx-polar pattern
Blue curve: Smooth lens

Red curve: Lens with grooves

B. Polarization Grids
In some of the front-ends, e.g. band 7, a polarization grid

is used to split the incoming beam in two polarizations which
are directed to two different corrugated horns. The geometry
of band 7 is shown in Fig. 7.
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Fig. 7 Band 7 Front-end optics.

The polarization grid is constructed as thin strips located
on a dielectric support layer. The maximum spacing of these
strips must be app. /20 for good performance. In GRASP
the analysis of such structures is carried out by means of
plane-wave reflection and transmission coefficients. For
simple layers (dielectrics, strip grids [4], etc.) the reflection
and transmission coefficients are known and the total
coefficients for a layered sandwich structure can be found by
a cascade coupling of the reflection and transmission
matrices (i.e. S-matrices [3]). Since the incident field on the
grid is not a single perfect plane wave an accurate analysis
requires expansion of the incident field in a spectrum of
plane waves of the form

( ) ij
i

i
e   k rE r q (1)

where E is the incident field, r is the observation point,
and qi and ki are the plane-wave amplitude and propagation
vectors, respectively. The analysis proceeds by treating each
plane wave separately such that reflection and transmission
coefficients are computed for each plane wave. The resulting
reflected and transmitted fields are then converted to
equivalent electric and magnetic currents which can finally
be added and integrated. This procedure is necessary for an
accurate treatment of the grid and also reveals significant
difference in performance of the two grid orientations shown
in Fig. 8 and Fig. 9. The grid in Fig. 8, where the strips are
orthogonal to the centre beam direction performs better than
the other possibility in Fig. 9, where the grid lines are parallel
to the plane define by the incident and reflected centre rays.

Fig. 8 Strip grid with orientation orthogonal to the plane of incidence.

Fig. 9 Strip grid with orientation parallel to the plane of incidence.

C. Front-end Efficiencies
The final step in the front-end analysis was an efficiency

calculation that turned out to be of great interest for ESO. Here
the front-end performance is subdivided into a number of
efficiencies, i.e. amplitude, phase, spill-over and polarization
efficiency. In this way it becomes easier to overview the
performance and point to possible weaknesses in the front-end.
In some cases this has suggested minor modifications and fine-
tuning of the optical systems.

The peak directivity of the telescope can be written as

2
4

spill over polarization amplitude phase
A    

  (2)

where the first factor 4A/2 is the ideal maximum
directivity for an aperture of area A. The remaining four
factors are efficiencies for spill-over, polarization, amplitude
and phase, respectively. They can be calculated from

1 / (4 )spill over I  

2 1/polarization I I 
2
3 2/ ( )amplitude I I   (3)

2 2
4 3/phase I I  ,

where  is the solid angle subtended by the subreflector
and the I’s are the integrals

2
1 | |totI d


  E

2
2 | |coI d


  E
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3 | |coI d


  E (4)

4 | |coI d


  E

Here the integrals are calculated over the solid angle ,
with d as the solid angle element and Etot and Eco as the
total and co-polar E-field, respectively, from the front-end.

As an example the efficiencies for band 7 are shown in
Table I.

TABLE I
BAND 7 EFFICIENCIES

Band 7 spill-over pol amp phase total

324 GHz
x-pol
y-pol

Gauss
Beam

0.9370
0.9377

0.9399

0.9932
0.9932

1.0000

0.9018
0.9033

0.8624

0.9996
0.9995

1.0000

0.8389
0.8409

0.8106

It is seen that the front-end is well designed with high
polarization and phase efficiencies, and a good compromise
between spill-over and amplitude efficiency. It is also seen
that the numbers obtained with the ideal Gaussian beam feed
pattern (as used in the synthesis) deviates significantly from
the realistic values. Although the Gaussian beam analysis is
very useful in the design phase a detailed Physical Optics
analysis is thus necessary for verification of the design.

III. TELESCOPE ANALYSIS

One of the telescopes is shown in Fig. 10. The main
reflector is 12 m in diameter with a centre hole of 0.75 m and
it consists of 120 or 264 panels, depending on the
manufacturer. The subreflector is 0.75 m in diameter and it is
supported by four struts. The front-ends are located 1.3 m
behind the main reflector apex. The subreflector is supplied
with a central tip corresponding to the hole in the main
reflector.

Fig. 10 ALMA telescope

Besides the nominal telescope performance TICRA also
calculated a number of individual effects such as strut
scattering (from the four support legs, see Fig. 10) and
surface tolerance effects. This will be described in the
following subsections.

A. Strut Effects
In Fig. 11 the scattering from a single strut is illustrated.

An incident field from the telescope mirror (a nearly plane
wave) will induce a set of currents on it, which in turn
radiates a field illustrated by the red rays in Fig. 11. At each
point on the struts the rays form a scattering cone with a half
apex angle of 62v   . In the vertical direction these rays
will be in opposite phase of the main beam and give a small
reduction of the peak directivity. Most of the rays will hit the
cold sky either directly or through reflection in the mirror as
show in Fig. 11, but in a small angular region it is, however,
possible that the rays hit the ground which generates noise.

Fig. 11 Strut cross-section

The strut cross-section is elliptical and it is supplied with a
cladding to improve the noise performance as shown in Fig.
12. This cladding is undesirable from a mechanical point of
view and one task for TICRA was to determine how much it
improves the noise performance in order to find out if the
added mechanical complexity is justified.

Fig. 12 Strut cross-section

The field from the scattered rays in Fig. 11 is shown in
Fig. 13, with and without cladding. Both versions give the
same shadowing effect near the boresight direction but away
from this direction the elliptical strut gives an almost
constant field of 15 dBi. However, the cladding gives rise to
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two significant effects. The planar facets of the cladding
generates high peaks at 50° on the diffraction cone and above
this angle the field is about 10 dB lower than without
cladding.

Fig. 13 Strut scattering and effect of the cladding

The angle  in Fig. 13 is measured around the strut with
=0° as the boresight direction. With =0° as the axis of the
strut in a standard polar coordinate system it turns out that a
significant noise contribution from the ground is only
obtained in the interval from 106.4° to 147.5° in  and from
61.9° to 62.1° in . For all struts this gives a noise
contribution of 0.15°K with cladding and 1.72°K without
cladding. From these results it was decided that the cladding
was necessary.

B. Influence of Reflector Panels
This section describes the influence of the fact that the

main reflector consists of a number of panels separated by a
certain gap. The goal is to quantify the influence of the gaps.
It is assumed that the surface of each panel is identical to that
of the parent paraboloid and the feed is located at the focus of
the antenna system.

A typical layout of the panels for the main reflector is
shown in Fig. 14. The reflector consists of 120 panels located
in 5 rings. The width of all gaps, both radial and
circumferential, is 1.5 mm.

Fig. 14 Typical layout of the main reflector panels.

Fig. 15 shows the radiation patterns for the solid main
reflector in black and for the reflector with panels in red. It is
seen that the two patterns are almost identical and the

difference pattern in green shows that the influence of the
panels is around 70 dB below peak everywhere, except in the
beam direction where the panel influence is determined by
the gap area, approximately 50 dB below peak. The panel
gaps reduce the peak gain by only 0.03 dB.

This result shows that the influence from the panel gaps is
very small. This is an important conclusion because it means
that all calculations can be carried out for a solid main
reflector. The only exception is where the panel mounting
errors are investigated and where it is obviously necessary to
perform the calculations on the individual panels.

Fig. 15 The influence of the panels for the main reflector.
230 GHz.

C. Main Reflector Surface Errors

1) Gravitation Effects
The main reflector surface will deform due to gravitation,

wind and thermal gradients. Here the deformations due to
gravitation for 0º elevation are considered. Fig. 16 shows the
deformed surface relative to the nominal paraboloid. The unit
on the z-axis is mm. It is seen that there is a significant
difference, in the order of 0.5 mm at the edge. From the
deformed surface it is possible to find a best fit paraboloid. It
has six degrees of freedom: the vertex position in x, y and z,
the focal length and the axis direction.

Fig. 17 shows the best fit paraboloid relative to the
nominal paraboloid and it is seen that most of the deviations
in Fig. 16 are very well represented by the best fit paraboloid.

Fig. 16 The deviation between the nominal paraboloid and the reflector
subject to gravitation, 0º elevation.
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Fig. 17 The deviation between the nominal and the best fit paraboloid, 0º
elevation.

Fig. 18 The deviation between the deformed reflector and the best fit
paraboloid, 0º elevation.

In other words, the reflector deformations change the
nominal paraboloid into another paraboloid. Fig. 18 shows
the remaining surface errors as the difference between the
real deformed surface and the best fit paraboloid. The
maximum deviation is here only about 50 m and the rms
error has been calculated to 12 m.

The following plots illustrate the influence from the
gravitation effects on the radiated beam. Fig. 19 and 20
show, as an example, the contour plots both for the nominal
antenna and for gravitation deformation at 0º elevation at 243
GHz. The four support struts for the subreflector are also
included in these calculations and this is the reason for the
four-fold symmetry in the contour plots.

Fig. 19 Contour plot of the nominal beam at 243 GHz.
Struts included.

Fig. 20 Contour plot of the gravitation deformed beam at 243 GHz.
Struts included.

The same type of plots is shown in Fig. 21 and 22 for
720 GHz. It is clearly seen that the surface deformations are
much more critical at the highest frequency. The gain
reduction is only 0.06 dB at 243 GHz whereas it increases to
0.50 dB at 720 GHz.

Fig. 21 Contour plot of the nominal beam at 720 GHz.
Struts included.

Fig. 22 Contour plot of the gravitation deformed beam at 720 GHz.
Struts included.
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2) Panel Surface and Alignment Errors
As mentioned earlier, the influence of the panel gaps is

very small when the surface shape and alignment of the
panels is ideal. In this section both panel deformation and
panel alignment errors will be presented.

Based on information from the antenna supplier it was
decided to model the panel shape error as a smooth random
distortion all over the reflector with an rms error of 8 m and
a correlation distance approximately equal to the panel size.

Each panel is attached at five attachment points and the
accuracy at these points is assumed to be 5  m. A random
number generator is used to model the errors at the
attachment points. The alignment errors are modelled by
tilting each panel individually, without changing its shape,
such that it passes through the five points in the best possible
way. The principle is illustrated in Fig. 23 where the errors
are increased by a factor 10000.

Fig. 23 Main reflector illustrating the panel alignment errors. The realistic
errors are multiplied by 10,000 in this figure.

Figures 24 and 25 show contour plots and pattern cuts for
the two types of panel errors separately: the manufacturing
errors affecting the shape of the panels and the alignment
errors affecting the orientation of the panels. Since the impact
of these errors is quite small only the results for 720 GHz are
presented. The reduction in gain at 720 GHz is 0.18 dB and
0.03 dB for manufacturing and alignment errors,
respectively. The corresponding numbers at 243 GHz are
0.02 and 0.00 dB.

Fig. 24 Contour plot of the beam at 720 GHz for the antenna with panel
manufacturing errors.

Fig. 25 Contour plot of the beam at 720 GHz for the antenna with panel
alignment errors.

IV. CONCLUSIONS

In the present study it is demonstrated that it is possible to
do a detailed electromagnetic analysis of the ALMA
telescope optics with standard software tools. Detailed
performance of the front-ends as well as the telescope
mirrors can be computed by means of accurate diffraction
methods, such as Physical Optics and the Method of
Moments. It is also possible to take into account various
distortion effects from e.g. struts and mirror surface errors.
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Abstract— We present a two channel heterodyne receiver 
system operating simultaneously in the 300µm and 625µm 
atmospheric windows. For the design of the THz channel, we 
make use of the technological spin-off of HIFI, the heterodyne 
instrument on board of the HERSCHEL space telescope. The 
system concept includes a co-aligned 460GHz channel, to 
establish a pointing reference and to increase therefore the 
efficiency of the astronomical operation. 

I. INTRODUCTION 
Successful ground based astronomical observations in the 

THz regime are depending on several important factors, the 
most dominant is the atmospheric transmission, that allows 
our view into space in a few windows only. The APEX 
telescope (Fig. 2) with its 12 meter dish, located at an altitude 
of 5100m in the high Chilean Andes is one of the few places 
where observations of such short wavelength are possible [1]. 
Under very good weather conditions an atmospheric 
transmission of up to 35% (Fig. 1) in the 300 micron window 
is possible, where statistics show that only in about 5% of the 
nights the atmosphere is transparent enough for reasonable 
THz measurements [2]. 

 

 
Fig. 1 The atmospheric transmission at APEX in the 300 micron window for 
different precipitable water vapor values and the RF tuning range of the 
1THz Rx.  

 But not only the atmosphere plays an important role, the 
telescope itself with its surface accuracy, and pointing 
capabilities must be able to handle the rather small beams of 
THz receivers and produce good beam efficiencies on sky. In 
order to get all these uncertainties included, a robust 
calibration scheme must also be in place.  

The design of the THz receiver fell into the late phase of 
satellite integration and testing of HIFI [3], which made it 
possible to use the technological spin-off in mixer and local 
oscillator (LO) development of band IV. Operating the 1THz 
RX at APEX will act as a valuable test bed, it allows to study 
the long term behavior of the used HIFI components, to gain 

further knowledge in handling spurious signals and to 
optimize the operation conditions of the used LO components 
[4].  

A complex system as the 1THz receiver requires a modern 
infrastructure for operation, like fast data network, broad 
band IF and backend processing and fast telescope beam 
switching, all these requirements are provided by APEX.  

The instrument was designed as a dual-frequency system. 
Both channels use SIS mixers, the 1THz channel operates a 
copy of HIFI band IV ([5],[6]) while the second channel, 
designed for pointing purposes, uses a 460GHz mixer from 
the de-commissioned CHAMP array [7]. Two different LO 
systems are installed. The state-of-the art band IV solid-state 
active multiplier chain, is feeding the 1THz mixer, while a 
GUNN oscillator followed by self biased multipliers builds 
up the 460GHz LO chain. 

 

 
Fig. 2  The APEX telescope short after sunset – marked: Nasmyth receiver 
cabin A 

With the ongoing development of local oscillator sources 
in the terahertz regime, demanding for high spectral purity, 
signal stability and sufficient output power, the receiver 
system also perfectly acts as a test bed for the photonic local 
oscillator developments at MPIfR [11].   
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II. SYSTEM DESCRIPTION 
In the following paragraphs we will outline the system 

layout, beginning with the local oscillator systems, followed 
then by details of the receiver cryostat and an overall system 
description. 

A. 460GHz LO system 
The 460GHz LO is a PLL locked GUNN oscillator in W-

band, followed by a self-biased multiplier chain. There are no 
special environmental conditions to take into account, 
making the LO from a mechanical and electrical point of 
view rather comfortable to use. All required RF-signals are 
generated by commercial synthesizers. During telescope 
operation, the APEX control system [10] commands the 
synthesizers for the LO frequency and Doppler-shift 
correction. Therefore, frequency changes can be commanded 
remotely but require, depending on the covered span, a final 
re-tuning of the micrometers of GUNN and multiplier 
waveguide back-shorts to recover LO power.  

 
Fig. 3  Schematic of the 460GHz LO subsystem and the LO signal path to 
the 460GHz mixer 

B. 1THz LO system 
In contrast to the 460GHz LO layout, output power and 

foremost lifetime issues make it necessary to operate the 
1THz LO chain cold. An additional cryostat increases the 
mechanical complexity of the system. 

 

 
Fig. 4  Schematic of the 1THz LO subsystem and the LO signal injection 
path to the 1THz mixer 

The solution is based on a very compact cryostat design 
that contains a bias filter box and the LO chain, stacked 
together in sandwich form. The typical LO chain DC power 
dissipation of about 3 to 4Watts demands for a cooling 
system with sufficient power to cool to 120K. In order to 
have sufficient cooling capacity to compensate for the heat 
dissipation inside the W-band amplifier, which changes with 
LO output power, we use a cooler that is capable of handling 
6W@77K.  

 

 
Fig. 5  The 1THz LO cryostat. Left: LO cryostat linked to the Stirling 
Cooler, the cooler with its radiator system takes most of the space. In the 
upper right corner is the opened cryostat visible and gives an impression of 
the very compact design achieved by placing the local oscillator chain and 
the bias filter box in a stacked way. 

 
Since most of the LO chain’s components are actively 

biased, 7 voltage supplies and additional monitoring of the 
currents are required to safely operate the chain. We make 
use of the HIFI LO operation philosophy and strategy, from 
software as well as from hardware side [8],[9]. Fig. 4 gives a 
schematic of the 1THz LO subsystem components. The heart 
of it is the band IV HIFI local oscillator chain. A commercial 
synthesizer generates the fundamental frequency in Ka-band 
which is amplified to drive a Ka- to W-band frequency 
tripler. Output power leveling of the LO chain is achieved by 
regulating the drain voltage of the second stage of the W-
band amplifier. Starting from a safe, low drain voltage with 
almost no LO chain output power, the drain bias is ramped 
up to the setting where the mixer is pumped at its optimum 
level or to the maximum allowed drain voltage value. The 
Ka-band RF power level, the frequency setting and also the 
current and voltage housekeeping of the LO chain are 
monitored. In case that a parameter moves out of predefined 
ranges, the system takes appropriate measures to bring it 
back into the safe range or to stop the frequency tuning and 
set the drain bias voltage or Ka-band drive power to a safe 
state. The chain produces a peak power level of about 
200µW, with a lower limit of ca. 40µW over the range 
967GHz to 1042GHz. 

C. The Receiver System 
Fig. 6 gives insights into the system configuration. On the 

cryostat cover plate the warm optic components and both 
local oscillator systems are mounted. The incoming telescope 
beam is split by a wire grid into the two signal paths. For the 
460GHz channel, we couple the LO signal to the mixer by 
use of a 10% Mylar foil coupler. On the 1THz side a Martin-
Puplett interferometer, used as a diplexer, serves for the LO 
injection. 
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Although the output power of the solid-state chain is 

comparably high, we use the Martin-Puplett Interferometer to 
allow integration of weak LO sources (e.g. the photonic LO 
source [11]).  

For frequency tunings, the moveable arm of the 
interferometer is motorized to adjust for the correct optical 
path-length difference with a resolution of 0.1 micron. For 
the THz beam no adjustable optical elements are foreseen, 
here we make use of the strict mechanical tolerances 
achievable in our workshop. In order to co-align the 460GHz 
pointing channel to the THz beam, two adjustable flat mirrors 
with micrometer screw drives allow for a tilt and offset 
move. 

We use a 2 stage cryocooler, providing a 40K and 4K 
temperature level. The cooler`s 40K stage is connected to a 
thermal shield to minimize the radiative thermal load at the 
4K stage. Thermally connected to this temperature stage, 
there are two mounting plates, one for the 460GHz channel 
and the other for the 1THz channel (Fig. 6 right). Basically 
these are precision manufactured aluminum plates that carry 
the mixer, a low noise and high gain HEMT amplifier and 
two aluminum made mirrors. To improve the signal matching 
between mixer and HEMT amplifier an RF isolator, useable 
under cryogenic temperatures and thermally linked to 4K, is 
additionally inserted in the 1THz IF path. We gained a low 
thermal resistance path between the channel mounting plates 
and the 4K stage of the cryocooler by using packets of 
copper strips, resulting in an operational temperature of the 
mixer of 3.9K. 

The first optical element behind the mixer is an aspheric 
mirror, followed by a flat mirror to direct the beam towards 
the warm optic plate. Infrared stray radiation in the beam 
path is blocked by IR-filters on the 40K and 4K stage. This 
reduced the mixer’s physical temperature by ~0.4K but also 

introduces optical loss of 6%. Both cryostat windows use 
Mylar foils of appropriate thickness to minimize for Fabry-
Perot effects.  

 

 
Fig. 7 Schematic of the full system layout 

A major benefit of the receiver system is its capability of 
full remote operation. The control PC connects via a standard 
instrument bus to the relevant devices and keeps track of 
important housekeeping parameters on a periodic time base. 
Tuning requests are accepted via network UDP socket 
protocol from the APEX telescope control system (APECS).  

III. TEST ACTIVITIES 

A. Receiver Tests 
The system was thoroughly characterized in our laboratory 

prior to its shipment to APEX. Optimum operation of the 
receiver is achieved by using look-up tables, where relevant 
data for the optimum LO bias voltages, synthesizer power 

Fig. 6 CAD pictures of the receiver cryostat, generated with the 3D mechanical design software. Left: full integrated system; middle: beam paths with optical 
components; right: THz channel 4K mounting plate 
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level, diplexer position are stored as a function of frequency. 
Therefore, a single frequency entry contains more than 
fifteen parameters. Between two frequency entries, a linear 
interpolation scheme is in place, but an adequate distribution 
in frequency is required to get good receiver performance. 
Fig. 8 gives a simplified overview of the test setup. 
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Fig. 8 Laboratory Test Setup 

B. Receiver Noise Performance 
The receiver noise has been measured with the y-factor 

method using 290K and 78K absorber loads. A typical 
measurement is shown in Fig. 9. For the un-pumped device, 
the total power vs. mixer bias in the shot noise region yields 
an IF noise temperature TIF = 16K. From the hot – and cold 
traces at the optimum bias point, we derive a total conversion 
loss L = 2.9, resulting in an upper limit of 45K contribution 
of the IF to the total noise temperature TRx = 454K. A 
successive break-down of the system noise is given in Table 
1: Starting from the y-factor measurement at 2.8GHz IF 
bandwidth, we get 430K at the IF center, explained by the 
increase of diplexer filter losses at offsets from the IF center. 
We then substract the various optical contributions and end 
up with 292K in front of the mixer. Assuming Lmixer=1, Tmixer 
would be less or equal 276K, which nicely fits to the mixer’s 
EIDP.   

 
Loss Component Loss 

[%,K] 
Tambient 
[K] 

TNoise 
[K] 

y-Factor (2.8GHz IF)   455 K 
Diplexer Filter Curve 25 K 290 K 430 K 
70cm air 50 K 290 K 380 K 
Diplexer insertion   1% 290 K 373 K 
Window 10% 290 K 312 K 
IR Filter   3%   50 K 301 K 
IR Filter   3%     6 K 292 K 
Mixer    0%     4 K 276 K 

TABLE 1 RECEIVER NOISE CONTRIBUTIONS FROM VARIOUS COMPONENTS 

 
Fig. 9: Receiver noise measurement at 1017GHz. The total power signal 
contains the IF signal bandwidth of 2.8GHz 

D. Local Oscillator Noise 
As mentioned above, the total power signal refers to the 

2.8 GHz wide IF. Fig. 10 shows TRx vs. IF band frequency 
and reveals the LO diplexer’s filter characteristic pass-band. 
The black curve of this figure represents the receiver noise 
temperature for a 120K blackbody1 LO (physical LO 
temperature), whereas the red curve has been calculated 
assuming an equivalent temperature of 350K to fit to the 
measured TRx. A comparison shows that obviously a 
significant noise contribution apart from the LO physical 
temperature is generated by the LO in the range 4.6 - 7.4 
GHz offset to its carrier. We have compared this to the HIFI 
band 4a noise measurements, taken during the HIFI 
commissioning phase and got to a very similar result.  

To eliminate the uncertainty in knowing the exact 
blackbody temperature of the cooled LO chain, we repeated 
this test operating the LO at room temperature. Fig. 11 shows 
the measured TRx and two traces, red and black, representing 
the calculated TRx for 460K and 290K black body 
temperature loads at the diplexer LO port. We conclude that 
the local oscillator signal noise in this configuration is 170K 
higher than its physical temperature, confirming the above 
considerations for the cooled LO. 

Tuning the LO diplexer to the appropriate path-length 
difference gets more critical the more LO noise is in excess 
at the diplexer’s LO port. The significant impact of a detuned 
diplexer on the receiver performance is shown in Fig. 12. 
Adjusting the tuning mirror position in steps of 6 microns 
immediately increases the noise temperature, and detuning it 
more, reveals an excess noise feature at about 600MHz 
below the IF center. We obviously make use of the diplexer’s 
property, to act as a filter of LO noise in the signal frequency 
range. Regardless of the sign of the detuning, the noise 
feature appears at the same IF frequency, because the mixer 
is a DSB mixer and the LO noise is symmetric wrt. to the 
                                                 
1  We define the LO physical blackbody temperature of 120K as a lower 
limit for the noise contribution. A more realistic value would be 150K, as the 
chain front-side absorber is IR heated. The thermal noise of the window at 
290K adds another 30K. 
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carrier. The only difference appears to be that the higher LO 
frequency tuning (negative detuning) favored an optical 
standing wave manifested in an IF ripple. An outmost 
important conclusion is that only a very precise model to 
predict the interferometer’s mirror adjustment over the whole 
RF range can ensure an optimum noise suppression by this 
filter, when it is operated remotely at the telescope-site. 

 
Fig. 10: Measured receiver noise vs. IF band frequency, showing the noise 
contribution of the local oscillator diplexer pass-band. The black curve 
indicates the expected noise by the local oscillator port at a physical 
temperature of 120K, the red curve fits to the measured data assuming  350K 
LO port load, indicating excess noise of the solid state local oscillator chain. 

 

Fig. 11 Measured receiver noise vs. IF band frequency with LO chain 
operated at room temperature. The black curve represents the calculated 
noise temperature assuming 290K for the LO, whereas the red curve, 
assuming 460K, fits to the data. The LO noise is 170K higher than its 
physical temperature. 

C. Beam Measurements 
We used a computer controlled two axis motorized moving 
stage to move a chopped cold load aperture in front of the 
receiver’s field of view and monitored the total power signals 
of both receiver channels in parallel. Beside the verification 
of the telescope beam waist (size and position), the co-
alignment of both channels is of outmost importance. Only 
an excellent relative pointing accuracy can ensure that the 
460GHz channel guides the 1THz system in tracking the 

weak astronomical source with a 6 arcsecond footprint on 
sky at 1THz. 

  

 

 
Fig. 12: Trx for various diplexer tunings around the optimum path-length 
difference. Top and lower figures show the LO noise contribution for 
negative and positive corner cube mirror movement, respectively. The spike 
at the band center at the IF center (6GHz) due to the overlay of adjacent 
backends will be blanked in the calibration pipeline. 

1THz 460GHz

Fig. 13: Beam patterns measured in the laboratory. After de-convolution 
with the absorber-moon diameter, the waist sizes agree with the telescope 
nasmyth waist.  

IV. RECEIVER AT APEX 
The system was installed at the APEX telescope (Fig. 2, 

Fig. 16) Principle Investigator position #2 of the Nasmyth A 
flange in mid 2009 for the MPIfR observation periods in 
August and November.  
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After first integration tests and fine tunings on the look-up 
tables, we have been able to reproduce good receiver noise 
temperatures over the IF range as measured in the laboratory 
setup. Fig. 14 gives the receiver noise for a remotely invoked 
tuning by the APEX control system at the CO(9-8) rest 
frequency. The data was measured by using the telescope’s 
internal calibration load inside the A cabin and the APEX 
signal processing chain.  

V.  
Fig. 14: Receiver noise temperature at the CO(9-8) line USB tuning, LO at 

1030.91GHz 

By pointing scans on planets we determined the beam size 
on sky for the 460GHz to be 12.7 arcsec and for the THz 
channel to be 6 arcsec. At that time Mars was rather small in 
diameter, 5.4 arcsec only, Jupiter 47.3 arcsec, respectively. 
These results match pretty well to the telescope’s diffraction 
limited beams. 

 
Fig. 15: A CO(9-8) spectrum towards Orion-KL, with PWV ≥0.4mm, main 

beam brightness of ~170K 

Despite of rather bad atmospheric conditions throughout 
the full observation period, we could make use of nights with 
PWV values of 0.4mm, just at the edge where useful THz 
observations are possible. Fig. 15 shows a spectrum towards 
the star forming region of Orion-KL, centered on the 
frequency of the CO(9-8) transition. The main beam 
brightness temperature of ~170K is comparable with those 
measured with CHAMP+ for the CO(7-6) transition. 

VI. CONCLUSIONS 
We have presented the system layout and technical details 

of a dual channel heterodyne instrument, operating in the 300 
and 625 micron atmospheric windows at APEX. The 1THz 
and 460GHz beams are optically co-aligned which allows to 
guide the 1THz observation with the 460GHz channel (at 
1THz there are very few pointing sources available). 
Unusually bad weather conditions with high PWV during the 
observation periods in 2009 made challenging observations 
impossible. After establishing a pointing model, we managed 
to take a few spectra towards the star forming region of 

Orion-KL. This, at least, proofed the robustness of our data 
pipeline and the pointing procedure. The receiver will return 
to APEX for the 2010 observing season. 

 
Fig. 16: Receiver installed in A-cabin at APEX, with all the electronics for 

operation the receiver consumes quite an amount of space 
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Abstract 

A 3x3 multi-beam receiver is being developed for Delingha millimeter telescope, the major open facility for 
millimeter-wave radio observation in China, aiming to significantly enhance the mapping capability in 
millimeter-wave line observation. The receiver employs sensitive SIS mixers, working over 85-116GHz 
frequency range. Sideband separation (2SB) scheme is adopted to enable high-precision calibration procedure 
and to reduce the idle sideband noise especially when the atmosphere transparency is not good in some seasons. 
The SIS mixers were designed to have nearly constant dynamic resistance and uniform conversion gain, allowing 
stable bias and direct connection of the SIS mixer and the cryogenic low noise amplifier without an IF isolator. 
Besides, low noise and stable digital SIS bias circuit has been designed to operate the SIS mixer efficiently. The 
nine 2SB mixers are driven by a single LO signal source. Two stages of cascaded power dividers realized by 
6-branch line directional couplers distribute the LO signal with good isolation between paths. The LO is 
generated by a frequency synthesizer followed by an amplifier-multiplier module providing output put power not 
less than 10mW across the RF band. The IF band is centered at 2.64GHz and bandwidth 1GHz allowing 
simultaneously observing three CO lines (C18O, 13CO and 12CO), which has been proved to be an efficient 
observation mode in probing a broad range of gas density. The nine pixels yield 18 independent IF outputs. Each 
of them is processed by a digital FFT spectrometer with 200MHz-1GHz reconfigurable bandwidth and 16384 
channels, which has obvious merits over the present analog AOS system to form a compact and reliable backend 
system for focal array receiver.  In this symposium the design and the performance of this multi-beam receiver 
will be presented. 

A 9-beam 2SB Receiver for Millimeter-wave 
Radio Astronomy  

W.L. Shan*, J. Yang*, S.C. Shi*, Q.J. Yao*, Y.X. Zuo*, S.H. Chen*, Q. G. Huang*, A.Q. Cao*, Z.H. Lin*, 
X. G. Zhang*, W.Y. Duan*, S. Li*, P. Yang*, J.Q.Zhong*†, Z.Q. Li*†, J. Liu*†and K. Liu*† 
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Abstract

Work presented here concerns the design and performance of the ALMA Band 5 cold cartridge, one of
the 10 frequency channels of ALMA project, a radio interferometer under construction at Atacama Desert
in Chile.

The Band 5 cartridge is a dual polarization receiver with the polarization separation performed by
orthomode transducer (OMT) [1]. For each polarization, Band 5 receiver employs sideband rejection (2SB)
scheme based on quadrature layout, with SIS mixers covering 163-211 GHz with 4-8 GHz IF. The LO
injection circuitry is integrated with mixer chip and is implemented on the same substrate, resulting in a
compact 2SB assembly.

Amongst the other ALMA bands, the ALMA Band 5 being the lowest frequency band that uses all cold
optics, has the largest mirror. Consequently, ALMA Band 5 mirror along with its support structure leaves
very little room for placing OMT, mixers and IF subsystems. The constraints put by the size of cold optics
and limited cartridge space, required of us to revise the original 2SB design and adopt a design where all
the components like OMT, mixer, IF hybrid, isolators and IF amplifier are directly connected to each other
without using any co-ax cables in-between. The IF subsystem uses the space between 4 K and 15 K stage
of the cartridge and is thermally connected to 4 K stage. Avoiding co-ax cabling required use of custom
designed IF hybrid, furthermore, due to limited cooling capacity at 4 K stage, resistive bias circuitry for
the mixers is moved to 15 K stage and the IF hybrid along with an integrated bias-T is implemented using
superconducting micro-strip lines.

The E-probes for both LO and RF waveguide-to-microstrip transitions are placed perpendicular to the
wave direction (back-piece configuration). The RF choke at the end of the probes provides a virtual ground
for the RF/LO signal, and the choke is DC grounded to the chassis. The on-chip LO injection is done using
a microstrip line directional coupler with slot-line branches in the ground plane. The isolated port of the
LO coupler is terminated by floating wideband elliptical termination. The mixer employs two SIS junctions
with junction area of 3 µm2 each, in twin junction configuration, followed by a quarter wave transformer
to couple it to the signal probe. A quarter-wave high impedance line on an extra layer of SiO2 is used to
extract the IF by separating from RF [2].

At the conference, we plan to present details of the cartridge design and results of the experimental
characterization of the ALMA Band 5 cold cartridge.

REFERENCES

[1] The actual Band 5 OMT uses slightly modified design suggested by Dr. S. Asayama for Band 5 and based on the
ALMA Band 4 cartridge OMT.

[2] Bhushan Billade, “Design of Dual Polarization Sideband Separation Mixer for ALMA Band 5”, Thesis for the
degree of licentiate of engineering, ISBN/ISSN:1652-9103, Gothenburg 2009.
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Abstract

The Caltech Submillimeter observatory (CSO) is located on top of Mauna Kea, Hawaii, at an altitude of 
4.2km.  The existing suite of heterodyne receivers covering the submillimeter band is rapidly aging, and in 
need  of  replacement.  To  this  extend  we  have  developed  a  family  of  balanced  receivers  covering  the 
astrophysical important 180-720 GHz atmospheric windows.a

For the CSO, wide IF bandwidth receivers are implemented in a balanced receiver configuration with dual 
frequency observation capability1, 2. This arrangement was opted to be an optimal compromise between 
scientific merit and finite funding.

In principle, the balanced receiver configuration has the advantage that common mode amplitude noise in 
the LO system is canceled, while at the same time utilizing all available LO power. Both of these features 
facilitate  the  use  of  commercially  available  synthesized  LO  system.  In  combination  with  a  4  GHz  IF 
bandwidth†, the described receiver layout allows for rapid high resolution spectral line surveys.

Dual  frequency  observation  is  another  important  mode  of  operation  offered  by  the  new  facility 
instrumentation. Two band observations are accomplished by separating the H and V polarizations of the 
incoming signal and routing them via folded optics to the appropriate polarization sensitive balanced mixer.

Scientifically  this  observation  mode  facilitates  pointing  for  the  higher  receiver  band  under  mediocre 
weather conditions and a doubling of scientific throughput (2 x 4 GHz) under good weather conditions.

Not only do these changes greatly enhance the spectroscopic capabilities of the CSO, they also enable the 
observatory to be integrated into the Harvard-Smithsonian Submillimeter Array (eSMA) as an additional 
baseline.b

The upgrade of the 345 GHz/650 GHz dual band balanced receivers is not far behind. All the needed 
hardware has been procured, and commissioning is expected the summer of 2010.

†The SIS junctions are capable of a 2-12 GHz bandwidth.

REFERENCES
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“Heterodyne Instrumentation Upgrade at the Caltech Submillimeter Observatory,” in Proc. SPIE, 21-25 Jun., Glasgow, Scotland, 
United Kingdom, (2004).
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“A  275-425  GHz  Tunerless  Waveguide  Receiver  Based  on  AlN  SIS  Technology”,  in  IEEE  Trans.  Microwave  Theory  and 
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Abstract—CASIMIR, the Caltech Airborne Submillimeter In-
terstellar Medium Investigations Receiver, is a far-infrared and
submillimeter heterodyne spectrometer, being developed for the
Stratospheric Observatory For Infrared Astronomy, SOFIA.
CASIMIR will use newly developed superconducting-insulating-
superconducting (SIS) mixers. Combined with the 2.5 m mirror
of SOFIA, these detectors will allow observations with high
sensitivity to be made in the frequency range from 500 GHz
up to 1.4 THz. Initially, at least 5 frequency bands in this
range are planned, each with a 4-8 GHz IF passband. Up to
4 frequency bands will be available on each flight and bands
may be swapped readily between flights. The local oscillators
for all bands are synthesized and tuner-less, using solid state
multipliers. CASIMIR also uses a novel, commercial, field-
programmable gate array (FPGA) based, fast Fourier transform
spectrometer, with extremely high resolution, 22000 (268 kHz
at 6 GHz), yielding a system resolution> 106. CASIMIR is
extremely well suited to observe the warm,≈ 100K, interstellar
medium, particularly hydrides and water lines, in both galactic
and extragalactic sources. We present an overview of the in-
strument, its capabilities and systems. We also describe recent
progress in development of the local oscillators and present our
first astronomical observations obtained with the new type of
spectrometer.

I. I NTRODUCTION

CASIMIR[1], the Caltech Airborne Submillimeter Interstel-
lar Medium Investigations Receiver, is a far-infrared (FIR)
and submillimeter, very high-resolution, heterodyne spectrom-
eter. It is being developed as a first generation, Principal
Investigator class instrument for the Stratospheric Observatory
For Infrared Astronomy, SOFIA [2]-[4]. Observations with
CASIMIR on SOFIA are expected to begin in 2013 and the
instrument should be available to guest investigators soonafter.
It is anticipated SOFIA will eventually achieve a flight rateof
up to 160 flights per year, with a lifetime of 20 years.

Fig. 1. Comparison of atmospheric transparency for a selection of significant
astronomical lines between good conditions on Mauna Kea and within the
stratosphere

Initially, CASIMIR will cover a frequency range from
500 GHz up to 1.4 THz. The frequency coverage may eventu-
ally be expanded up to 2 THz. It will be capable of covering
this range at a resolution of> 106.

The FIR/submm is extremely important for the investigation
of both the galactic and extragalactic warm (T∼100 K),
interstellar medium. This material is heated by shock waves
or UV radiation, phenomena that are often associated with
star formation or other high energy events, e.g. supernovaeor
active galactic nuclei. This excited material then re-emits either
as dust continuum radiation or gas line emission. CASIMIR
will be able to utilize recent advances in the sensitivity ofsu-
perconducting mixers to study the fundamental rotational tran-
sitions of many astronomically significant molecules, which
cannot be observed with ground based telescopes, see Figure1.
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Fig. 2. The CASIMIR instrument. The instrument is mounted to thetelescope
via the round flange at extreme left of the figure. This flange forms the pressure
interface between the telescope cavity and the aircraft’s cabin. The portion of
the instrument shown is located in the cabin, with the observers. The telescope
beam enters the instrument through the center of this round flange, about 150
mm below the bases of the cryostats. The instrument structure is constructed
almost exclusively of aluminum. It is approximately 1.5 m long by1 m square.
It weighs approximately 550 kg, including 150 kg of electronics mounted in
the racks, at the right of the figure. Approximately 150 kg more of ancillary
electronics are located elsewhere in the aircraft cabin.

II. I NSTRUMENT CONFIGURATION AND STRUCTURE

The general layout of the CASIMIR instrument is shown in
Figure 2. Two cryostats are mounted side by side on top of a
box, which contains the relay optics, see Section II-A.

Two 19-inch racks are mounted directly behind this box.
All the critical electronics components are mounted in these
racks, eg. the LO drive electronics and the microwave spec-
trometers. This ensures very short cable runs to the cryostat
and prevents any differential rotation. All electronic systems
for the instrument are packaged as 19-inch bins, which will
allow easy replacement of any unit and reconfiguration of the
electronics.

A. Optics Box

Figure 3 shows a 3D model of the Optics Box, which is the
mount for the cryostats and contains all the optics common
to all frequency bands. The central feature is a plane mirror,
which can be commanded to rotate through +/-180o in the
plane of the telescope and up to +/-5o in tilt. This rotating
mirror directs the telescope beam to one of the four elliptical
mirrors mounted on the two cryostats, selecting the frequency
band.

The calibration system consists of a chopper wheel at
ambient temperature plus hot and ambient temperature loads.
Moving the rotating mirror by∼180o, allows any of the
frequency bands to be first illuminated with the sky signal and
then the signal from a known temperature calibration load.

CASIMIR will use the fully reflective tertiary mirror on
SOFIA’s telescope. As a result, none of the observatory’s
guiding cameras will be able to image the telescope’s focal

Fig. 3. The Optics Box. The cryostats are bolted directly to the lid of this box,
which has been removed for this image. The elliptical mirrors mounted on
the base of the cryostats protrude trough an aperture in the lid and are located
in the plane of the telescope beam. The two elliptical mirrors for one of the
cryostats are shown in the left part of the image. The telescope beam enters
from the front of the figure. In this image, the rotating mirror,at the center of
the figure, directs the telescope beam to the optical boresight, at the far right
rear corner. The calibration chopper wheel and the two loadsare shown in
the rear of the figure. The box forms part of the pressure interface between
the aircraft cabin and the exterior, i.e. the box interior isexposed directly to
the telescope cavity, so that at altitude, the pressure inside is ∼200 Tr. The
wall thickness varies between 0.5 and 0.75 in.

plane. Therefore, we have included an optical boresight cam-
era, inside the Optics Box, for alignment and beamfinding.
The boresight can also be used as a pupil imager by moving
a biconcave lens into the optical path. The camera has a 6’x6’
field of view and uses a 1024x1024 pixel, optical wavelength
CCD. The rotating mirror also selects this camera.

Stepper motors are used to move all the optical components.
All of these motors are mounted inside the Optics Box and
are controlled remotely via software. There are only electronic
feedthroughs mounted in the sides of the box, without any
mechanical motions through the pressure boundary. Physical
access to the Optics Box will not be required at any time
during the flight.

B. Cryostats

The cryostats are of conventional design with LN2 and LHe
reservoirs, see Figure 4. For frequencies below 1 THz, the
mixers will operate at∼4 K. At higher frequencies, we will
pump on the LHe reservoir to operate the receivers at∼2.5 K.

There will be two cryostats per flight and up to two
frequency bands in each cryostat, so there will be up to four
bands available per flight. Observations can be made with
only one band at a time. Any one of the four bands can
be selected at anytime during the flight. This selection is
made by software alone, and does not require caging of the
telescope, any mechanical adjustment or physical access tothe
instrument.

As shown in Figures 4 and 5, all the components specific
to an individual frequency band are integrated directly onto
the cryostat, eg. the LOs, IF systems and relay optics. All
systems mounted elsewhere on the instrument are used for all
of the bands. Therefore, the selection of the four bands which
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Fig. 4. The CASIMIR Cryostat. The cryostat contains 5 literseach of
LN2 and LHe and has a 250 mm diameter cold-work-surface. This is the
maximum, practical diameter for cryostats that can be used in theside-by-
side configuration for SOFIA. It is 600 mm high and weighs∼40 kg. The
LOs, IF system, receiver and LO bias electronics are mounted directly to the
side of the cryostat. The electronics for the cryogenic amplifier bias and mixer
electromagnet current are also mounted on the cryostat but arenot shown in
this view. The two elliptical mirrors of the relay optics, mounted on the base
of the cryostat, can be seen at the extreme bottom of the image.

are to be used on a given flight is determined by the choice
of cryostats. Swapping of cryostats could easily be carried
out between flights. Also, any upgrades and improvements to
the bands could be accomplished independently of the rest
of the instrument. This will allow continuous upgrades to the
frequency bands, throughout the life of the instrument.

C. Optics

Figure 5 shows a schematic of the relay optics, which uses
two off-axis, elliptical mirrors to match the incoming telescope
beam to the output beam of the mixer. Including the three
telescope mirrors, there are five mirrors at ambient temperature
and one cryogenically cooled mirror, EM1, in the optical train.

The window in the base of the cryostat is the only pressure
boundary in the optical path from the telescope. Therefore,
this window and a lens in the mixer assembly are the only

Fig. 5. CASIMIR Relay and LO Injection Optics. The top image shows the
location of the elliptical mirrors mounted on the cryostat. The bottom part of
the image shows a schematic of the optics. In the lower image, theup down
orientation is reversed and the units on the scale are mm, with the origin at
the center of EM1, the elliptical mirror mounted on the cryostat cold-work
surface. EM2 is the elliptical mirror mounted below the base ofthe cryostat,
visible in the upper image. EM2 is in the plane of the telescopebeam, it
converts the incoming, diverging f/#∼20 telescope beam into an intermediate
f/#∼10 beam and reflects it through 90o, through a window in the base of the
cryostat. LOM is the LO elliptical mirror, which matches the LOoutput beam
to the incoming intermediate beam. EM1 converts the intermediate beam to
a converging∼f/#4.5 beam, which matches the output beam of the mixer.
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Fig. 6. Measurements of the output beam profile of the 1.2 THz mixer. The
image consists of 6 curves overlaid on each other. These curves are vertical
and horizontal scans through the output beam after the second elliptical mirror,
EM2 in Figure 5. These scans were taken at three separate frequencies across
the 1.2 THz band.

transmissive elements in the entire optical train from the
telescope to the receiver.

The optical designs for all bands have an edge taper of
10 dB. Aperture and main beam efficiencies are calculated to
be 0.71 and 0.77, respectively. The largest beam size is 0.8
arcmin, at 550 GHz.

Figure 6 shows measurements of the mixer beam after the
second elliptical mirror. There is little evidence of distortion or
chromatic aberration. The measured f/# is>18, as opposed to
the design point of 20.7. This is the first iteration of our mixer
optics. This faster beam would reduce our aperture efficiency
on the telescope, but is suitable for continued lab testing.
Further iterations should remedy this. These measurementsare
discussed in detail elsewhere in these proceedings[5].

D. Mixers

The mixers for all 5 bands will be Nb/AlN/NbTiN,
quasi-optically coupled, superconducting-insulating-
superconducting (SIS), twin-slot mixers. The developmentof
these mixers is discussed elsewhere in these proceedings[6].

III. M ICROWAVE BACK END SPECTROMETER

We have acquired a field-programmable gate array (FPGA)
based, fast Fourier transform (FFT), microwave backend spec-
trometer from Omnisys Instruments[7], see Figure 7. The spec-
trometer consists of a variable number of modules covering an
IF band of 4 GHz each.

Each of these modules consists of three cards;
• two FPGA digitizer and correlator cards, each with a

2 GHz bandwidth,

Fig. 7. Omnisys FPGA based FFT microwave spectrometer. In this image,
the rack bin is only half populated, with two 4 GHz IF modules, i.e. two sets
of three cards, giving a total IF coverage of 8 GHz. The centercard in each set
of three, is the IF processor. The cards have a single height Eurocard format
and are mounted in a 4U, 19” rack bin. As displayed, the system weighs
12.5 kg and dissipates less than 200 W. During initial flightson SOFIA, only
a single module would be used. If both halves of the rack were populated, a
single unit could cover an IF passband of 16 GHz. Therefore, depending on
the number of installed modules, this single rack bin can be readily configured
to cover an IF range of 4, 8, 12 or 16 GHz.

• and an integrated IF downconverter and processor card,
which uses IQ mixers to distribute the 4-8 GHz IF
passband to the two digitizer cards.

There is some overlap in the outputs from the digitizer cards,
and the total useful IF bandwidth of the spectrometer has been
measured to be 3.8 GHz. Efforts are underway to reduce this
overlap and to recover the full 4 GHz IF coverage.

The frequency resolution has been measured to be 268 KHz,
i.e. over 14,000 usable channels. At 1 THz, this corresponds
to a resolution greater than3 × 106, or 800 m/s.

A. Tests at CSO

In October, 2009, the spectrometer was used to carry
out observations at the Caltech Submillimeter Observatory
(CS0), using the 230 GHz wide band receiver, aka Frank’s
Receiver[8]. During these observations, we used two of the
digitizer correlator cards and an external IF processor which
yielded a IF bandpass of 4-8 GHz. Figures 8 and 9 show
examples of the spectra obtained during this run.

We expect to take a spectrometer with 8 GHz of IF coverage
to the CSO in the middle of this year.

IV. L OCAL OSCILLATORS AND FREQUENCYBANDS

The Local Oscillators (LOs) for all bands are tunerless and
use solid state devices exclusively. LOs for the lower frequency
bands, below 900 GHz, have been acquired from Virginia
Diodes Inc. (VDI)[9]. LOs for the higher frequency bands
were developed at JPL for CASIMIR. The development of the
LOs at JPL is discussed elsewhere in these proceedings[10].

As shown in Figure 4, up to two LOs can be mounted
directly to the side of the cryostat. The LO output is via
a feedhorn. The output divergent beam is reflected through
90o and converted into a∼f/#10 converging beam, by an off-
axis, elliptical mirror, mounted directly below the feedhorn,
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Fig. 8. Spectrum of the Galactic Center, centered on 221 GHz.This spectrum
displays the full usable 3.8 GHz IF bandwidth of the spectrometer. This data
was obtained with position switching under marginal conditions,τ = 0.18.

Fig. 9. Spectrum of M82 observed in the12CO 2-1 line. The line width is
approximately 400 km/s. Note the extremely flat continuum.

see Figure 5. The beam passes through a window in the
cryostat wall to a mylar beamsplitter mounted directly below
the receiver elliptical mirror, EM1. The beamsplitter directs a
portion of the LO signal power towards the cryostat cold work
surface, combining it with the incoming, astronomical signal.

A. LO Drive System

1) LO Drive Signals and Conditioning.: All bands are
driven from a single, commercial, microwave synthesizer, an
Anritsu MG3694[11], at a frequency in the range 26-40 GHz.
Immediately after the synthesizer, the LO drive signals are
conditioned via the LO Drive Unit (LDU), containing a single
YiG filter and power amplifier, see Figure 10.

Figure 11 compares the IF output from a mixer pumped by
the same LO, with and without the LDU. The artifacts from
the microwave frequency synthesizer are completely removed
by the YiG filter.

Figure 12 compares the mixer noise temperature of a mixer
pumped by a synthesized, solid state, tunerless LO and a Gunn
Diode based LO. With the YiG filtering on the synthesizer
output, we obtain equivalent performance for these two types
of LOs.

The output from the LDU will be used to drive all the four
LO chains, on any given flight. Only one chain will be driven
at any given time. Any one of four bands can be selected
completely via software at anytime during the flight, without
any mechanical adjustment.

Fig. 10. The LO Drive Unit (LDU). This unit contains a single YiG Filter
and power amp. It is located immediately adjacent to the microwave frequency
synthesizer. The LO drive signals for all four frequency bands, on a given
flight, will be routed through this unit. This is a lab prototype, completely
filling a 4U 19” rack bin. Significant effort will be required to produce a
lighter, more compact flight unit.

Fig. 11. Comparison of the IF output from an SIS mixer driven by asolid
state 500 GHz LO, with and without the LDU. The same LO drive signal,
from the microwave frequency synthesizer, was used for both curves. The
lighter line does not use the YiG filter and the dark line does.

2) The First Stage of the LO Chains: On the aircraft, the
first stage will be the same for each LO multiplier chain. One
of these first stages will be dedicated to each chain. This first
stage will have an output of 78-120 GHz and consists of;

1) a VDI tripler,
2) a W10 isolator,
3) a W10 Spacek amplifier,
4) a W10 isolator.

At present, each of our existing LO chains uses this first
stage, except the 750 GHz LO, see Section IV-C. Figure 13
shows an example of a full LO multiplier chain.
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Fig. 12. Comparison of the receiver noise temperature from a SIS mixer
pumped by a synthesized, solid-state LO and a Gunn diode basedLO. The
increase in noise at the high frequency end of the bandpass, for the solid state
LO, is not due to the LO drive signal. It is due to bandpass limitations on the
high frequency multiplier, see Section IV-B.

Fig. 13. The complete LO Chain for the 1.2 THz band. The first stage of the
multiplier chain occupies the right half of the diagram. The high frequency
part of the chain, i.e. frequency multiplication above 120 GHz, is shown in the
left half of the figure and is also shown in Figure 16. This chain is expected
to be the longest used on the instrument. It will be approximately twice as
long as the LO assemblies shown in Figure 4, and will extend slightly beyond
the top of the cryostat itself.

B. 500 GHz

The 500 GHz channel is intended to cover the 500 to
640 GHz passband. The most important line in this region
is the H2O18 line at 547 GHz. The other interesting lines are
CH (532 and 536 GHz), NH3 (572 GHz) and CO (576 GHz).

At present, we are using a single VDI quintupler as the
high frequency multiplication stage. However, its output is
limited to ∼570 GHz. We are now investigating using a
x2x3 combination of VDI multipliers, in order to extend the
coverage up to 640 GHz.

C. 750 GHz

We have acquired a 750 GHz LO from VDI. Figure 14
shows the the output power spectrum and the LO itself. The
750 GHz LO is intended to cover the 690 to 840 GHz fre-
quency range. The coverage of this large fractional bandwidth,
∼ 20%, requires two parallel chains, for the low and high
frequency parts of the band. The input from these chains is
fed into a common, final multiplier, via a microwave switch.
This arrangement provides good power levels across the band
of interest, with up to∼80 µW at the most interesting line,
H2O18 at 745 GHz.

D. 1 THz

Figure 15 shows the output power and multiplier chains
for the LOs covering the 1 THz band. These LOs were
manufactured at JPL for CASIMIR.

The frequency range for this band covers 800 to 1050 GHz.
Such a large fractional bandwidth, 27%, cannot be covered by
a single multiplier chain. So the band must be split into two
sub-bands, nominally 900 GHz and 1 THz, with a separate
multiplier chain for each of them.

The lines of most astronomical interest, e.g. CH2

(946 GHz), NH (975 GHz), H30+ (985 GHz), H2O18

(995 GHz) and CO (1037 GHz) are all located located in the
upper sub-band. The 1 THz LO has good coverage,> 50 µW
for most of these lines.

Many of the frequencies in the lower sub-band are observ-
able from the ground, so there may be relatively little demand
for this sub-band on SOFIA. We intend to fly the 1 THz sub-
band in the default configuration for CASIMIR. If there is a
request to observe in the 900 GHz sub-band, we would use
the same mixer, but replace the 1 THz LO with the 900 GHz
chain. At this stage, we do not intend to have both of these
sub-bands available on any one flight.

E. 1.2 THz

Figure 16 shows the output power for the multiplier chain
for the 1.2 THz LO. This chain was developed at JPL.
The frequency range for this band is 1.1-1.2 THz, and it
is covered with power levels from 30-90µW. The most
significant frequencies, the four H2O18 lines, are well covered
with LO power levels> 60 µW for all of them. The next most
interesting line, HF at 1.23 THz, may be difficult to observe
due to the relatively low LO power,< 30 µW, and the high
atmospheric absorption at that frequency.

F. 1.4 THz

Figure 17 shows the output power for the multiplier chain
for the 1.4 THz LO. This chain is still under development at
JPL. At present, the power output over the region of interest
is in the range40 − 70 µW. However, it is possible that this
may improve. The most important frequency in this band is
the H2D+ line at 1.37 THz, which is well covered with LO
power levels> 50 µW. The next most interesting line, N+ at
1.46 THz, lies at the extreme high frequency end of the LO’s
output and probably cannot be observed.
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Fig. 14. Frequency coverage of the 750 GHz band and the existing complete 750 GHz LO. The plot shows the LO output power superimposed on the
atmospheric absorption at SOFIA’s operating altitude. The significant astronomical, spectral lines are also shown. The light and dark LO output power curves,
respectively, represent the upper and lower side bands, fora given frequency tuning. The large black object at the left of the photograph of the LO, is the
microwave switch for selecting the high or low multiplying chain. Some effort will be required to reconfigure this LO for flight.

V. CONCLUSIONS

CASIMIR is a FIR/Submm, heterodyne spectrometer for
SOFIA. It is well suited for the studies of the warm (T∼100K)
interstellar medium, particularly water, measuring many sig-
nificant lines unobservable from the ground. Initially, the
instrument will cover 5 bands in the frequency range from
0.5 to 1.4 THz.

A very high resolution backend spectrometer has been suc-
cessfully tested. It provides continuous coverage of 3.8 GHz
of IF bandwidth with a resolution> 106, across the whole
frequency range of the instrument.

LO chains suitable for flight are available for the three
frequency bands of 1 THz or higher and candidate chains are
available for the two lower frequency bands. With conditioning
of the LO drive signals, the synthesized, solid state LOs
will provide performance equivalent to those based on Gunn
diodes.

The instrument design is extremely modular. CASIMIR
will be able to continuously incorporate new hardware, to
accommodate future improvements in mixer, LO and backend
spectrometer technology, for some time to come.
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Fig. 15. Frequency coverage of the 1 THz band and the 900 and 1000 GHz LOs. The format of the diagram is similar to that in Figure14. The high
frequency portions of the multiplier chains are shown below the main figure, the 900 GHZ to the left and the 1 THz on the right.

Fig. 16. Frequency coverage of the 1.2 THz band and the high frequency portion of the multiplier chain for the 1.2 THz LO. Theformat of the diagram is
similar to that in Figure 14.
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Fig. 17. Frequency coverage of the 1.4 THz LO. The format of thediagram is similar to that in Figure 14.
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Abstract— We report on a very high performance THz balanced 

mixer/upconverter using a Schottky diode MMIC chip.  Using 

an optically pumped laser at 1561 GHz as an LO source with a 

coupled power of about 1.5 mW, and 1.5 mW input at an IF 

frequency of 10 GHz, we obtained a sideband output power of 

45 !W (sum of two sidebands).  As a mixer, at an LO of 1561 

GHz, we measured a mixer noise temperature of ~3000 K DSB. 

At the same frequency, used as a 16th harmonic mixer the 

conversion loss is ~55 dB.  The design bandwidth is 1250-1650 

GHz, and scaled devices have been fabricated for all frequencies 

through 3.5 THz, but the higher frequency designs have not 

been tested. 

I. INTRODUCTION

In the THz range there is a need for room temperature 

mixers to act as both downconverters and upconverters using 

laser local oscillators. In these applications the relatively high 

LO power required by Schottky diodes is not a problem.  

This paper reports on a high performance THz balanced 

waveguide mixer built using a planar diode MMIC.  This 

development was motivated by a need for a frequency agile 

sideband generator at 1.5 THz which would use a laser as one 

input and a 5-40 GHz microwave synthesizer as the other. 

II. MIXER AND MMIC DESIGN

The mixer developed in this work is similar to one used 

for proof of concept testing [1], and is based on crossbar 

waveguide mixers [2] that have been made for many years in 

the mm-wave bands. Fig 1 shows the basic circuit, with two 

diodes in series in the signal waveguide driven at their center 

point by the LO.  This LO port is also the IF output which 

must be split off from the LO.  With separate LO and signal 

ports, no diplexer is required at the mixer input, and there is 

high isolation between these ports.  A particular advantage of 

this geometry is that the two diodes are in parallel to the IF 

port, halving the IF impedance.  Given that single diode 

mixers typically have 100-150 " IF impedances, this 

reduction eliminates the need for an IF matching circuit.   

The off-chip IF circuit is simply a 50 ohm line. 

The MMIC chip designed for the mixer is shown in Fig 2, 

and its placement in the mixer in Fig 3.  The device is built 

on 3 µm thick GaAs with beam lead contacts for ground, IF 

and bias.   The fragile substrate is completely suspended by 

the beam leads.  At the end of the LO waveguide probe a 

high impedance line continues along the axis of the 

waveguide through the backshort, forming the IF port.  This 

creates little disturbance to the THz input circuit and there is 

little loss of power into the IF port. A thin SiN layer is used 

between metal layers to produce a bypass capacitor on the 

bias port, and to add a low impedance section of line to the IF 

port to improve the LO rejection.    

Fig. 1  Schematic diagram of a balanced mixer with LO/IF input on the right 

and signal input waveguide on the left. 

Fig. 2  Photograph of the diode used in the mixer.  Overall height of the 1.5 

THz  device (with leads) for is 570 um. 

Fig. 3  Balanced mixer cross section.  The MMIC substrate is shown in 

green, metal in gold.  Both waveguides transition to diagonal horns on 

opposite sides of the block.

150



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

Two diode-MMIC wafers were fabricated at JPL using the 

very successful membrane process developed for Hershel 

HIFI [3].  The wafers had epi-layer doping of 5x1017/cm3

and 2x1017 with identical circuit layouts.   Variations of the 

design were scaled to as high as 3.5 THz, but tests reported 

here are of only the 1.5 THz design.  Simulations of the 

performance of these designs indicate a relatively flat RF 

fractional bandwidth of 25%.  Upconverted power is limited 

by the input power which is very constrained in a circuit with 

just two anodes, since the anodes must be very small for 

proper impedance matching.  The required capacitance Cj(0) 

is 1 fF at 1.5 THz yielding an anode diameter of 0.5 !m

(scaling downward with increasing frequency).  However, it 

is practical to add anodes in series, as has been done with 

multiplier circuits [4]  In principle, using two anodes in series 

increases the maximum input power by a factor of four, 

assuming that the failure mechanism is related to power 

density within the device.  This scaling comes about because 

for the same impedance level, each device can have twice the 

area if two devices are in series.  In the case of failure due to 

heating, the scaling is much less obvious, since it depends on 

thermal pathways within the complete circuit, not just local 

device properties, but there is still some significant 

advantage.  Four-anode devices were fabricated but the 

anode size was only 1.5 times larger so the maximum power 

in this case should only increase a factor of three.   

The best results were obtained with the 5x1017 doping 

devices, but this wafer yield is quite low, ~35% for 2-anode 

devices, and the yield seems to be near zero for 4-anode 

devices.  The wafer with 2x1017 doping works acceptably at 

1.5 THz, but it is clear that the doping is too low. This wafer 

has a high yield of 2-anode devices and 30% yield of 4-anode 

devices. 

As is apparent from Fig 2, these are very small devices.  

While the GaAs membrane can not be touched, the beam 

leads can be handled safely, and installation in the block is 

done by positioning the device with a micro-manipulator.  

Once positioned, conductive epoxy is applied to the IF and 

bias port leads.  Because of the small contact area this can 

result in a high contact resistance, and a solder contact would 

be preferred, but is much more difficult to produce. 

The block was machined in brass as an E-plane split-block 

using conventional tools with a CNC micro-milling machine 

[5] and the block was then gold plated.  Both waveguides are 

80 x 160 um, stepping up to square cross section before 

transitioning to diagonal feedhorns on both input and output 

ports.  The diagonal aperture sizes of each were 1.5 mm.  

Details of the block are shown in Figs 3 and 5.  The diode 

was installed with the beamleads clamped between the halves 

of the block.  The IF port used a K type connector to allow 

tests up to 40 GHz, but in fact no dimension or circuit 

capacitance inherent to the design limits the bandwidth below 

~150 GHz.  For practical reasons of testing and machining, 

the input waveguide was bent to align with the axis of the 

output guide.  This adds LO loss but this is not a concern 

with laser sources. 

III. UPCONVERSION RESULTS

Upconversion tests were done using an optically pumped 

laser at 1561 GHz, with an available power level of >10 mW 

and a variable attenuator before the mixer input.  The IF was 

10 GHz from a synthesizer.  For the tests with the 5x1017

doping devices,  only 2-anode devices were available.  Four 

mixers were assembled with these devices.  These were 

driven with a laser power of ~1.5 mW (as measured by a 

coupling aperture comparable to that of the feed horn).  

Diodes were  forward biased in operation, with the 

conversion efficiency rising with bias up to 1 mA (which was 

the maximum used).   With an IF power of 1.5 mW, the 

output power from the best device in the two sidebands is 45 

µW with only 5 µW of LO feedthrough (~25 dB LO-RF 

isolation).  The feedthrough power was measured with the IF 

signal off, but there is the possibility that the feedthrough 

may increase with IF applied.  In previous tests with a similar 

mixer a very narrow band FPI etalon was used to separate the 

LO from the sideband signals.  Use of this filter showed that 

there was no change in LO feedthrough with the IF applied.  

The THz input and output power were measured with a 

waveguide calorimeter (Erickson Instruments PM4) [6] built 

in WR10 waveguide with no transition between the horn and 

the waveguide in the sensor.  The size of the horns and 

WR10 waveguide are fairly similar so coupling was expected 

to be good.  For two other devices  taken from very nearby 

on the wafer, output power was within 10%, while the fourth 

device from another region produced only 18 !W. 

Fig 4 shows the power output vs IF drive power at the 

maximum laser power used of ~1.5 mW. Output power is 

compressed by ~1dB at 1 mW IF level, but is still increasing 

up to the maximum applied.  There is the potential for higher 

output power, particularly with increased laser power, but 

diode failure due to heating is likely within a factor of 1.5 

higher input.  RF dissipation within the diodes is difficult to 

estimate from diode bias since most of the THz input power 

is lost in parasitic resistances.  Simply summing all the input 

power is the only way to estimate dissipation, which is ~4 

mW at the maximum output. 

Fig. 4  Output power vs 10 GHz IF drive with laser power of 1.5 mW.  The 

solid line is a spline fit, with no physical model. 
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Tests at other offset frequencies show the same power 

output for an IF range of 2 to 40 GHz, with IF coupling  

nearly flat across this band.. The RF bandwidth is predicted 

to be 1250-1650 GHz, but no other frequencies have been 

tested.   

The devices with 2x1017 doping showed significantly 

poorer performance.  A 2-anode device showed significant 

saturation effects at 1 mA bias, and best output power was at 

0.5 mA.  The power output saturated at 13 !W, with an LO 

power of 1 mW  and an IF power of 1 mW .  The 4-anode 

devices worked better, but still required a bias of 0.5 mA 

although optimum LO and IF power increased to 2 mW and 

4 mW respectively.  At this drive level the output peaked at 

37 !W, and began to decrease with increasing drive.  LO-RF 

isolation with 4-anodes is excellent, just 2 !W feedthrough, 

or ~30 dB LO-RF isolation. 

Perfect LO to RF isolation can never be obtained with this 

type of mixer because of the essential mechanical asymmetry 

between the anode and cathode of a planar diode.  Isolation 

should be better at lower frequencies because the asymmetry 

couples to evanescent modes which become more important 

with increasing frequency.  The 4-anode version of the 

design has much better isolation because the individual 

devices are smaller, and thus couple to even higher modes.  

A comparison between the 2-anode and 4-anode  mixers 

with 2x1017 doping shows that the output increases a factor 

of 3 with twice the anode number, as is expected for the 

anode sizes used  With similar scaling, 4-anode mixers with 

5x1017 doping should produce an output power ~150 !W.

IV. DOWNCONVERTER RESULTS

This device has been tested as a conventional mixer 

downconverter only at 1561 GHz.  The IF source was 

replaced by a 3 GHz IF amplifier with a noise temperature of 

~150 K.  The mixer was the same one giving best results as 

an upconverter.  With an estimated LO power of 1 mW and a 

bias current of 1 mA, a Y factor of 1.050 was measured with 

room temperature and liquid nitrogen cooled loads. This 

yields a complete receiver noise temperature of 4500K DSB. 

Assuming a typical noise contribution of a mixer diode ~300 

K, the estimated mixer noise temperature is 3000 K DSB, 

and the conversion loss ~10 dB.  This is not an optimized 

result, with DC bias and LO power only roughly adjusted.  

The DC resistance of the IF contact to the MMIC is ~9 ohms, 

adding 1.4 dB to the conversion loss if capacitive bypassing 

of this resistance is not significant at 3 GHz.  This noise is 

substantially lower than any other Schottky mixer results at a 

similar frequency, and is less than would be expected based 

on lower frequency results with waveguide mixers. 

Other types of mixers built for this frequency range all 

require cooling.  THz Schottky mixers show noise reduction 

by only a factor of two [7] when cooled due to the high 

doping of the diodes, with no further reduction in the noise 

below ~50K.  Therefore the best achievable receiver noise 

with this mixer might be ~1600 K DSB, but since the diode 

noise dominates, similar noise may be achieved up through a 

very high IF.  A state-of-the-art waveguide HEB mixer at 

1350 GHz has a receiver noise temperature ~1200 K [8], but 

has much more restricted IF bandwidth of ~3 GHz, so this 

Schottky mixer may be very competitive, particularly in 

applications requiring wide bandwidth. Its reduced cooling 

requirements are another advantage, and many years of 

experience with Schottky diode mixers at lower frequencies 

has shown them to have the best dynamic range and stability 

of any type of receiver. 

V. HARMONIC MIXING

At these frequencies a quantum cascade laser could be the 

LO, leading to a simple all solid state receiver with wide 

frequency coverage through use of the >100 GHz wide IF.  

QCL’s can easily produce >1 mW output power, and can 

operate at ~50 K. Although output mode control can still be a 

problem, solutions are emerging that should produce good 

quality beams, and single frequency operation.  A remaining 

challenge with QCL lasers is a means of locking their 

frequency since their free running stability is poor.  At mm 

wavelengths, sources are typically measured by comparison 

to a microwave reference via harmonic mixing.  This has not 

been possible in the THz range due to the need for high 

harmonics and the resulting very high conversion loss which 

typically increases as ~3 dB per harmonic.  Using one of 

these mixers, we attempted to measure a 1561 GHz laser 

mixed with an LO near 39 GHz (N = 40) but no signal was 

detected implying a conversion loss >120 dB (consistent with 

Lc~3dB#N).  To overcome this limitation complex multiplier 

chains [9] have been used to produce a reference signal 

which is mixed with the laser in a fundamental HEB mixer 

but this complexity is almost too great to justify the use of a 

laser LO.  However, this new mixer can harmonic mix with a 

very high LO, reducing the harmonic number N to below  20 

and the conversion loss to ~60 dB. 

To test this application, a WR 10 waveguide was added to 

one mixer, coupling to the IF microstrip line, but leaving the 

coaxial IF port functional for low frequencies, as shown in 

Fig 5.  The waveguide port is fairly well matched from 75 to 

~100 GHz, although only about half the power couples 

toward the mixer chip since there is no filter structure in the 

microstrip line.  

Fig. 5 Layout of the mixer block showing the added WR10 waveguide which 

allows low frequencies to couple from the mixer to the coaxial IF port at the 

top of the block.  This waveguide is bent to offset it from the LO feedhorn. 
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  With this wideband port we mixed the 1561 GHz laser 

with an LO at 97.4 GHz.  This LO was in turn derived from a 

commercial x8 active multiplier chain plus synthesizer. (N = 

16 for the mixer).  The inefficient coupling is not a concern 

since the WR10 source produced more power (10 mW) than 

the diodes can survive. While setting up the test with a 2- 

anode mixer, one of the diodes was burned out but the test 

was continued with the surviving diode, and the mixer still 

worked well.  The measured conversion loss was ~55 dB and 

the S/N on a spectrum analyser was ~40 dB in 10 kHz 

resolution BW (and 300 Hz video BW).  With 2 working 

diodes the conversion process should be more efficient since 

it favours even or odd harmonics (depending on the input 

port).  With an LO in the 150-200 GHz range, harmonic 

mixing up to ~3 THz should be practical.

VI. CONCLUSIONS

Planar Schottky diode MMIC’s can serve as efficient 

upconverters and low noise mixers well into the THz range, 

offering room temperature operation.  The balanced mixer 

design separates the LO and IF ports, making an extremely 

simple, compact receiver requiring no LO/signal diplexer, 

and having no restriction on IF bandwidth.  With cooling 

their noise temperature may be competitive with HEB mixers 

in applications requiring wide IF bandwidth and high 

stability.  These mixers should be feasible throughout the 

THz range and devices have already been fabricated which 

may operate up to 3.5 THz.   LO requirements are within the 

power available from QCL’s, and the combination should 

form very simple receivers.  Harmonic mixers using the same 

design have low conversion loss and can serve to provide the 

frequency comparison needed to lock the QCL.   
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Abstract 

 Although diode mixers have been supplanted by cryogenically cooled SIS and HEB mixers for ultra low-
noise radio-astronomical purposes; Schottky mixers are still the best solution for most other scientific and 
commercial applications. Their room temperature operation, broad signal and IF frequency bandwidths and overall 
robust operation, coupled with their modest LO power requirements and relative sensitivity make them ideal for 
atmospheric studies and modern test and measurement systems, such as VNA frequency extenders. This paper will 
discuss the ongoing development of low-noise Schottky mixers that operate across complete waveguide bands 
without LO power tuning and without DC bias requirements. These subharmonically pumped mixers are being 
developed to achieve very compact and easy to operate receiver systems that are ideal for planetary missions. As 
an example, the figure shows the measured mixer noise temperature of a WR1.9SHM being developed as a 
prototype for a proposed atmospheric probe for Venus. The goal is to cover the frequency band from 440-590GHz 
with only a few milliwatts of LO power (220-295GHz) and a noise temperature of less than 2,000K, DSB. Results 
for an optimized version of this mixer will be presented at the conference. 
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Fig. 1. The measured sensitivity of a broadband WR1.9SHM design with flat LO power across the band. The mixer 
designs being pursued use no DC bias and require no LO power adjustments as the frequency is tuned across the band. 

The final mixer design will be optimized for the VESPER frequency band of 440-590GHz.  

 

This effort is primarily funded through a NASA / GSFC SBIR contract (#NNX09CA57C), “Schottky Heterodyne 
Receivers with Full Waveguide Bandwidth.” 

154



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

An 874 GHz fundamental balanced mixer based on 

MMIC membrane planar Schottky diodes 
B. Thomas

1
, A. Maestrini

2
, J. Gill

1
, C. Lee

1
, R. Lin

1
, I. Mehdi

1
 and P. de Maagt

3
 

1 
NASA- Jet Propulsion Laboratory, California Institute of Technology,  

4800 Oak Grove Drive, PASADENA, CA, 91101, USA. Email: Bertrand.C.Thomas@jpl.nasa.gov 
2 
Observatoire de Paris, LERMA, University P&M Curie, Paris-VI. 77 avenue Denfert-Rochereau, 75014 Paris, France 

3
 European Space and Technology Center (ESA/ESTEC), Noordwijk 2201 AG, The Netherlands. 

 

 

 
Abstract— We present here the design, fabrication and test of a 

novel 874 GHz Fundamental Balanced Mixer based on MMIC 

membrane planar Schottky diodes. The device includes an 

integrated DC bias circuit in order to reduce the amount of LO 

power required to pump the mixer. The mixer performance are 

best DSB mixer noise temperature of 2660 K at 865.8 GHz and 

best DSB mixer conversion losses of 8.02 dB at 862.2 GHz for 

room temperature operation. When cooled to 120 K ambient 

temperature, the best DSB mixer noise temperature drops down 

to 1910 K. Although at least 1 mW of LO power is required to 

optimally pump the mixer,  performance are still acceptable 

with only 0.5 mW. To the authors' knowledge, these results are 

state-of-the-art. 

INTRODUCTION 

The remote sensing of stratospheric ice clouds is of key 

interest in understanding the hydrological cycle of climate 

systems for life on Earth. Several missions have been 

proposed that would monitor globally the ice water content 

of cirrus clouds using passive sub-millimeter radiometer 

instruments up to 874 GHz [1]. Therefore, highly sensitive 

heterodyne receivers operating at room temperature in the 

sub-millimeter wave range are needed for such applications. 

Development of compact and broadband receivers in this 

frequency range can also benefit THz imaging applications 

by providing higher resolution compared to lower frequency 

systems [2]. 

Sub-harmonic mixers working up to 874 GHz [3] have 

already been demonstrated. Previous studies have shown that 

improved performance can be obtained from fundamental 

mixers over sub-harmonic types. Recent breakthroughs in 

power generation from amplifier-multiplier based solid-state 

sources up to 900 GHz [4] allow for enough LO power to 

pump a biasable fundamental mixer, as demonstrated here.  

We present the design, development and characterization 

of a fully monolithic 835-900 GHz biasable fundamental 

balanced mixer (FBM) using GaAs Schottky diode MMIC 

developed at JPL. The mixer is pumped by a powerful 

compact LO chain based on solid-state power combined 

amplifiers and multipliers, resulting in the highest frequency 

all solid-state compact broad band heterodyne receiver 

operating at room temperature with state-of-the-art 

performance. The front-end has been tested at both room and 

cryogenic temperatures (120 K) using a dedicated cryogenic 

test system. 

874 GHZ FUNDAMENTAL BALANCED MIXER ARCHITECTURE 

The topology of the 835-900 GHz fundamental balanced 

mixer is based on a cross-bar balanced architecture recently 

used at higher frequencies [5][6]. For the present design, both 

diodes are located inside the RF waveguide in a series 

configuration across the central suspended stripline, as 

illustrated in Fig. 1&2. Airbridges are used to connect the 

mesas and Schottky contacts to the central stripline and 

lateral grounding beamleads. Another beamlead at the end of 

the circuit is used to connect the MMIC to an IF circuit. A 

DC bias line and a MIM capacitor are used to bias the diodes 

in series while providing an efficient IF, LO and RF ground. 

 
 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

Fig.1. 3-D view of the 874 GHz Fundamental Balanced Mixer MMIC 
device, featuring a pair of planar Schottky diodes in balanced configuration 

on a thin GaAs membrane, gold beamleads and DC MIM capacitor. 

 

The LO signal is coupled via a bowtie E-plane probe with 

integrated DC/IF line to the diode. This transition is adapted 

from a previous design that uses an integrated DC bias line 

[8]. The length of the narrow line connecting the bowtie 

antenna is optimized to prevent any resonance in the desired 

LO band. The bandwidth of this bowtie-type transition is also 

improved by adding narrow steps inside the LO waveguide 

as demonstrated in [9].  

DESIGN METHODOLOGY 

This section describes the methodology employed to 

design the 835-900 GHz fundamental balanced mixer, 

including the determination and optimization of the diodes 
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LO E-plane probe 

with DC/IF line 

DC bias line with 

MIM capacitor 

Planar airbridge 

Schottky diodes 
IF beamlead 

GaAs membrane 

beamleads 

155



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

 

geometrical and electrical parameters.  

Linearisation of the ideal mixer. Non-linear circuit 

simulation of an ideal pair of Schottky diodes is performed 

using the Harmonic Balance code of the ADS Software Suite 

[10]. The goal is to determine the anode size of the diodes in 

order to get the best mixer conversion losses, lowest RF and 

LO input return losses. The IF signal is fixed at 5 GHz. With 

an estimated LO power of 0.5 mW reaching the diodes, the 

mixer conversion losses are minimized by tuning the bias 

voltage and ideal embedding impedances. Assuming an epi-

layer doping concentration ND of 5.10
17

 cm
-3

, it is found that 

best conversion losses are obtained for anode area A of 

approximately 0.4 µm
2
,  a bias voltage VDC of 1.3 V, and 

ideal embedding impedances ZLO of approximately 17 + j.50 

for the LO at 870 GHz, ZRF of approximately 90 + j.200 for 

the RF at 875 GHz, and ZIF of 200 Ω for the IF at 5 GHz.  

The resulting electrical parameters used at room temperature 

for the Schottky diode model are a zero voltage capacitance 

of 1 fF, a saturation current of 2.10
-13

 A, barrier height of 

0.73 V, ideality factor of 1.4, and series resistance of 30 Ω.  

Synthesis of the mixer circuit. Three-dimensional 

electromagnetic (EM) simulations of the different parts of the 

mixer circuit are simulated separately using HFSS (from 

Ansys [11]) and exported as S-parameter Touchstone files 

into ADS. These parts include the RF and LO waveguides-to-

stripline transitions, diode cells, high-low suspended stripline 

transitions and DC/IF transmission lines. Using ADS, a linear 

simulation bench of the mixer circuit is built which includes 

the S-parameter files, RF and LO diode's impedance ports 

obtained previously, electrical transmission lines and the 

waveguide ports.  This bench has two separate sub-circuits: 

one for the RF signal propagating from the waveguide to the 

diodes' port with a TE10 mode, and the other for the LO 

signal propagating with a TEM mode.   The resulting 

coupling efficiency from waveguides to both diode ports is 

predicted to be approximately 80 % between 840 and 910 

GHz for the RF, and 40 to 45 % between 850 to 900 GHz for 

the LO. 

Prediction of the mixer performance. A set of non-linear 

simulations is performed to fine tune the circuit and predict 

the performances of the mixer. For the conversion loss 

calculation, the standard ADS model of the Schottky diode 

[11] is used. For the mixer noise temperature calculation, the 

standard ADS model includes thermal and shot noise 

sources, but does not include any other sources that account 

for hot electron noise. As this effect can becomes significant 

at sub-millimeter wave frequencies for small anode devices, 

an additional noise source is added in series with the standard 

ADS Schottky model [12]. 

Simulations show that the mixer should work with a Local 

Oscillator power of only 0.5mW and a bias voltage of 1.4V 

for the two diodes in series. For 1 mW of input LO power 

and a fixed bias voltage of 1.2 V, DSB mixer conversion 

losses are 8.5 dB, and DSB mixer noise temperature of 

2000 K are predicted between 850 and 910 GHz.  This 

estimation includes additional 0.7 dB of losses for the feed-

horn, and 1.2 dB of insertion losses for the IF transformer, 

connector and cable. Results are shown in Fig. 4 as 

continuous lines. The predicted RF/LO isolation ranges from 

29 dB up to 33 dB between 830 and 900 GHz. 

874 GHZ FBM FABRICATION AND MOUNTING 

The circuit is based on a thin GaAs membrane and uses 

beamleads for connections and handling [7] as shown in 

Fig. 2. The Schottky contacts, defined using E-beam 

lithography, are connected to the circuit via air-bridges. The 

JPL MMIC membrane Schottky process described in [7] is 

specially suited for the realization of fundamental balanced 

mixer at these frequencies. Indeed, the thin membrane 

prevents excessive dielectric loading of the waveguides and 

channels, the beamleads allow for a precise grounding, 

centering and DC/IF connection of the MMIC to the block 

and DC/IF circuits. The on-chip MIM capacitor allows to DC 

bias the mixer with minimum RF/LO fields disturbance. 

Finally the MMIC process reduce the uncertainties associated 

with handling and placing the device inside the block. 

 

 
 

Fig.2: View of the 835-900 GHz fundamental mixer circuit mounted inside 

the lower half of the mechanical block, including a MMIC mixer device 
(center) mounted with DC chip capacitor (top) and IF transformer (right), 

DC bias, ground and IF gold beam-leads.  

 

External chip capacitors are used for the DC bias and 

further filtering of any unwanted IF residue. The IF signal is 

output through an IF impedance transformer to the K-type 

connector. The IF transformer circuit is designed to improve 

the Voltage Standing Wave Ratio between the mixer and the 

external first low noise Amplifier in the  2-11 GHz range. A 

view of the IF transformer mounted inside the lower half of 

the mechanical block is shown in Fig. 3. It consists of a 

meandering line to match from 200 Ω to 50 Ω in 4-sections 

impedance steps. The circuit is based on gold microstrip lines 

deposited on a 1.27 mm thick Aluminum Nitride substrate. 

This enables to keep return losses above 10 dB and insertion 

losses below 1 dB over a relatively broad bandwidth 2-

11 GHz. The DC bias chip capacitors are connected with 

thermo-compressed bond wires to a SMA-type glass bead.  
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Fig.3: View of the lower half of the mechanical split-block, showing from 

left to right the SMA-type DC glass bead, DC chip capacitors, the IF 
impedance transformer and the K-type IF glass bead.  
 

SMA flange launcher connector is mounted afterwards to the 

block. The IF circuit is connected to a K-type glass bead via 

a stripline stress relief contact inserted on the tip of the glass 

bead and silver-epoxy glued on the ending of the microstrip 

line section. 

874 GHZ FBM TESTING 

The 874 GHz Fundamental Balanced Mixer has been 

tested at room temperature and at cryogenic temperatures 

using the test set-up described in [12]. The mixer is pumped 

by a W-band Agilent source linked to an Agilent E8257D 

synthesizer. The LO signal is then amplified outside the 

cryogenic test chamber using a series of power combined W-

band power amplifiers. The 2-4 GHz IF amplification and 

filtering chain is described in [13]. The output power of the 

IF chain was measured using an Agilent total power sensor 

N8482A linked to a N1912A power meter. 

 

The first multiplier chains used inside the test chamber to 

generate the 830-900 GHz LO signal is a medium power 

multiplier chain featuring a dual-chip power combined 300 

GHz tripler and single-chip 900 GHz tripler. The 

characteristics of this LO chain is described in [14][4]. It 

outputs an LO power ranging from 0.3 to 0.6 mW at ambient 

temperature from 840 to 930 GHz. The complete 

multipliers/mixer front-end receiver is very compact  and is 

shown in Fig. 4. Measured performance are shown in Fig.5. 

As illustrated in Fig.5, a DSB mixer noise temperature of 

3000-4000 K and DSB  mixer conversion losses of 10.5 to 

11 dB in the range 847-885 GHz are measured at room 

temperature. 

A second high power LO chain featuring a quad-chip 

300 GHz power combined tripler and dual-chip 900 GHz 

power combined tripler outputting over 1 mW of power at 

room temperature in the 840-900 GHz range and up to 2 mW 

when cooled at 120 K has been used. Details concerning the 

LO chain can be found in [15]. Measured mixer performance 

for 295 K and 120 K ambient temperature operation is shown 

in Fig.6. 

 
 
Fig.4: Photo of an entire 874 GHz receiver front-end including the 874 GHz 

Fundamental Balanced Mixer (foreground), a 900 GHz single-chip tripler 

(middle), and a dual-chip 300 GHz power combined tripler (background). 
 

 
Fig.5: 874 GHz FBM mixer performance at room temperature using a 
medium power  LO chain in the range 840-930 GHz. Top curve shows the 

DSB mixer noise temperature, lower curve shows the DSB mixer conversion 

losses VS center RF frequency. 
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Fig.6: 874 GHz FBM mixer performance at 295 K (empty dotted curves) 

and 120 K (full dotted curves) ambient temperature operation using a high 
power LO chain in the range 840-930 GHz. Top curves show the DSB mixer 

noise temperature, lower curves show the DSB mixer conversion losses VS 

center RF frequency. 
 

As shown in Fig.6, The best mixer noise temperature 

measured at room temperature is 2660 at 865.8 GHz, with 

DSB mixer conversion losses of 9.08 dB. The best DSB 

mixer conversion losses measured at room temperature is 

8.02 dB at 862.2 GHz, with corresponding DSB mixer noise 

temperature of 3021 K. If the mixer performances are 

corrected for IF external cable losses (0.64 dB), DSB mixer 

noise temperature and conversion losses drops to 2330 K at 

865.8 GHz, and 7.38 dB at 862.2 GHz respectively. DSB 

mixer noise temperature and conversion losses are below 

4000 K and 10.5 dB resp. from 845 GHz to 888 GHz. At 

120 K of operating temperature, the best DSB mixer noise 

temperature measured is 1910 K at 877.5 GHz, with DSB 

mixer conversion losses of 8.84 dB. The best DSB mixer 

conversion losses observed is 8.44 dB at 864 GHz, with 

corresponding DSB mixer noise temperature of 2213 K. DSB 

mixer noise temperature and conversion losses are below 

3000 K and 10 dB resp. from 847 GHz to 890 GHz. 

It is interesting to notice that, for room temperature 

operation, the mixer still works relatively well with only 

0.5 mW of LO power in average, and a bias voltage 

increased to 1.4 V, as shown in Fig.5. A maximum of 2 dB 

degradation of the DSB conversion losses is measured by 

going from 1 mW to 0.5 mW of LO power.  

CONCLUSIONS 

The design, fabrication and test of a 874 GHz fundamental 

balanced mixer based on MMIC membrane planar Schottky 

diodes has been presented. It exhibits state-of-the-art 

performance at room temperature and cooled to 120 K. 

Although at least 1 mW is required to optimally pump this 

mixer, performance degrades nicely with only 0.5 mW. 

ACKNOWLEDGMENT 

The authors wish to acknowledge the help and support of 

Dr. Peter Siegel. The company SAP-France is also acknow-

ledged for the high quality block manufacturing. 

This work was partly funded by ESA under contract nb. 

ESTEC/RFQ/3-12604/08/NK/FM and carried out at the Jet 

Propulsion Laboratory, California Institute of Technology, 

under contract from NASA, and at Observatoire de Paris. 

REFERENCES 

[1] S.A. Buehler, “CIWSIR: A Proposed ESA Mission to Measure Cloud 
Ice Water Path,”, proceedings of the Int. TOVS Study Conf., ITSC-XV 

Program, Maratea, Italy , 4-10 October 2006. 

[2] K.B. Cooper et al., "Penetrating 3-D Imaging at 4- and 25-m Range 
Using a Submillimeter-Wave Radar", IEEE Trans. on Microwave 

Theory and Techniques, Vol. 56, No.12, pp. 2771-2778, Dec. 2008. 
[3] B. Thomas et al., "Design of an 874 GHz Biasable Sub-Harmonic 

Mixer Based on MMIC Membrane Planar Schottky Diodes", 

Proceedings of the 33rd Int. Conf. on IR, Millimeter, and Terahertz 
Waves, Pasadena, CA, USA, September 2008. 

[4] I. Mehdi et al., “Broadband sources in the 1-3 THz range”, proceedings 

of the 34th Infrared and Millimeter Wave and 17th THz Electronics 
Conference, Busan, Korea, Sept. 2009. 

[5] E. Schlecht et al., "First Wideband 520-590 GHz Balanced 

Fundamental Schottky Mixer", proceedings of the 18th Int. Symp. on 
Space THz Technology, Pasadena, CA, USA, pp. 296, March 2007. 

[6] N. Erickson and T. Goyette, "TeraHertz Schottky-Diode Balanced 

Mixers", Proc. of SPIE conf. Vol. 7215, 721508, pp.1-5, Feb. 2009. 
[7] S. Martin et al., “Fabrication of 200 to 2700 GHz multiplier devices 

using GaAs and metal membranes”, Microwave Symp. Digest, 2001 

IEEE MTT-S, Vol. 3, pp.1641 – 1644, 2001 
[8] C. Risacher et al., "Waveguide-to-microstrip transition with integrated 

bias-T", IEEE Microwave and Wireless Components Letters, Volume 

13, Issue 7, pp. 262-264 , 2003. 
[9] J.W. Kooi et al., "A Full-Height Waveguide to Thin-Film Transition 

with Exceptional RF Bandwidth and Coupling Efficiency", Int. Journal 

of Infrared and Mm Waves, Vol. 24, No. 3, pp. 261-284, March 2003. 
[10] Advanced Design System 2009, Agilent Technologies, 395 Page Mill 

Road, Palo Alto, CA 94304, USA. 

[11] High Frequency Simulation Software, V12.0, Ansoft Corporation, 225 
West Station Square Drive, Suite 200, Pittsburgh, PA 15219, USA. 

[12] B. Thomas et al., "Terahertz cooled sub-harmonic Schottky mixers for 

planetary atmospheres", proceedings of the 5th ESA workshop on 
Millimetre Wave Technology and Applications, Noordwijk, The 

Netherlands, May 2009. 

[13] J. Treuttel et al., "A 380 GHz sub-harmonic mixer using MMIC 
foundry based Schottky diodes transferred onto quartz substrate", 

proceedings of the 20th Int. Symp. on Space Terahertz Technology, 

Charlottesville, VA, April 2009.  
[14] A. Maestrini et al., “In-Phase Power-Combined Frequency Triplers at 

300 GHz”, IEEE Microwave and Wireless Component Letters, Vol. 18, no. 

3, pp. 218-220, March 2008. 
[15] A. Maestrini et al., "A 0.9 THz Frequency Multiplied Source 

with milliwatts of power" submitted to IEEE Trans. on Microwave 

Theory and Techniques, October 2009. 

 

1000

2000

3000

4000

5000

6000

7000

8000

9000

830 840 850 860 870 880 890 900

T
m

ix
 D

S
B

 (
K

)

Frequency (GHz) 

6

7

8

9

10

11

12

13

14

830 840 850 860 870 880 890 900

L
m

ix
 D

S
B

 (
d

B
)

Frequency (GHz) 

158



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

183 GHz Mixer on InGaAs Schottky Diodes 
I. Oprea1,3, A. Walber2, O. Cojocari1*, H. Gibson2, R. Zimmermann2, and H. L. Hartnagel3 

1ACST GmbH, Darmstadt, Germany 
2RPG Radiometer Physics GmbH, Germany 

3Technische Universität Darmstadt, Darmstadt, Germany 
*Contact: cojocari@acst.de, phone +49-6151-162762 

 
 
 
Abstract— This work reports on experimental results of a 183 
GHz sub-harmonically pumped mixer based on InGaAs anti-
parallel diode pair. The diode structure provides extremely low 
parasitic capacitance of about 2.5 fF. Roughly estimated series 
resistance junction capacitance and ideality factor 10Ω, 
4fF/anode and 1.2, respectively. The optimal LO-Power is as low 
as 0.34 mW, whereas usable performance can be achieved even 
with less than 0.2 mW.  

I. INTRODUCTION 
The Schottky junction is a generic technology, needed not 

only in space instruments but in practically all millimeter and 
sub-millimetre equipment, with the imaging evolving fast to 
become the primary area of application. During the last years 
the rapid progress in the development of Schottky technology 
has allowed efficient heterodyne receiver systems at 
frequencies up to 1.5 THz [1]─[3]. As the applications 
require a constant rise of the operation frequency, the 
expense of LO power used to drive the diode to the needed 
conductance is still a concern. A reduction of the LO 
frequency and thus the LO power requirements is possible by 
using subharmonically pumped mixers (SHM), where 
normally the LO is one half the RF frequency. GaAs 
antiparallel Schottky Diodes used in subharmonic mixer 
unfortunately require a significant DC bias or high LO power 
to drive the diode to an optimum conversion performance. 
Since it is difficult to bias diodes in this way the low 
Schottky barrier height of InGaAs material reduces the 
required LO power relative to diodes based on GaAs [4], [5]. 
Schottky barriers formed from InxGa1-xAs have a height that 
decreases with increasing indium mole fraction. A lower 
barrier height means that a smaller LO Power is required to 
effectively pump the diode. The higher electron mobility in 
InGaAs in comparison to GaAs should play a role in 
minimising the series resistance which will reduce the 
conversion losses especially at higher frequencies. InGaAs 
mixers are also very interesting for potential use in integrated 
InP based millimetre and submillimetre wave receivers with 
state-of-the-art noise performance.  

II.  ANTI-PARALLEL DIODE PARAMETER DETAILS  
The anti-parallel diode (APD) was fabricated by so-called 

Film-Diode process, which has been particularly developed 
at ACST for THz devices and circuits. The diode structure is 
based on the Quasi-vertical diode design, developed at 
Technical University of Darmstadt [6] and represents a 
discrete Schottky structure suitable for hybrid integration. In 
contrast to traditional planar structures, Film-Diode 

fabrication implies two-side processing of the semiconductor 
wafer, which implies a more complex fabrication, but is more 
flexible concerning the reduction of structure parasitics. In 
turn this provides a better potential for improving 
performance and allows operation at higher frequencies. The 
APD mixer diodes use an In0.53Ga0.47As active layer with a 
doping level of 8x1016 cm-3 which is lattice matched grown 
on an InP substrate. Recently Schlecht [7] discussed the 
principle of an In0.25Ga0.75As based Schottky mixer, but no 
experimental results have been shown. Moreover the 
epitaxial growth of material with this indium mole fraction 
will not be lattice matched to InP and have much stress.  

The structures have 1.2 µm anodes in diameter and 
estimated zero bias junction capacitance per anode is about 
4fF. The employed Film-Diode approach uses a transferred 
membrane substrate process which provides for strongly 
reduced structure parasitics. The shunt capacitance of APD 
diodes is as low as 2.5fF. The series resistance Rs is extracted 
from simple I-V measurements and is slightly higher than 
expected. The high value of Rs, approximately 10Ω, can be 
caused by the wafer layout which was not optimised for 
mixing applications. On the other side the ideality factor η is 
1.2 and is comparable to GaAs diodes. The calculated 
Schottky barrier height is around 0.21 eV and is about one 
quarter of the value for similar GaAs diodes. Figure 1 shows 
the typical I-V curves of an InGaAs and GaAs diode 
measured on-wafer. The typical turn-on voltage (1µA) for 
fabricated InGaAs diodes is below 50µV, which is drastically 
reduced in comparison to GaAs diodes.   

 
Fig. 1. Measured I-V Curves of InGaAs and GaAs Schottky Diodes 

 

159



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

III. SUBHARMONIC MIXER PERFORMANCE 
Since the InGaAs material was available for comparison 

with GaAs, no new mixer 
block was designed. A 
similar mixer block was 
used as for 183 GHz ALMA 
subharmonic mixers 
developed by RPG. The 
employed mixer block was 
originally designed for 
ACST GaAs diodes, which 
typically exhibits state-of-
the-art performance of 

Tmix ≤ 450K. The mixer design is very similar to [8] but 
employs discrete diode mounting. A small picture of the 
SHM is inserted on the left. The waveguides for RF and LO 
signals are fabricated from quartz and the diode is soldered 
using indium solder. The double sideband (DSB) noise 
temperature Tsys and conversion loss Lc of the mixer were 
measured using the standard Y-Factor measurement 
technique. One target at room temperature and another one 
immersed in liquid nitrogen are used at RPG as hot and cold 
load, respectively. The results are summarised in Fig. 2.  

 

 
Fig.2. IF Plot showing conversion loss (right) and noise temperature of 

mixer for different LO powers. 

The shown data is raw data from the power measurements 
and is not corrected for losses or mismatches in any way. It 
includes waveguide losses as well as the IF amplifier noise 
contribution. Although the measured mixer temperature is 
higher in comparison to state-of-the-art performance, it is 
still rather good and acceptable for many applications. 
Moreover, this can probably be improved by the optimization 
of wafer layout and mixer design. It has to be pointed out, 
however, that the optimal LO-power is as low as 0.34mW, 
whereas usable performance can be achieved even with less 
than 0.2mW. This value is at least one order of magnitude 
lower than typically required for GaAs-diodes.  

Table 1 summarizes the sub-harmonic mixer parameter. In 
contrast to InGaAs mixer results, also the results for GaAs 
mixer are included (the values in green are the best 
achieved). 

 
  

TABLE I 
 Tmix Lc (DSB) LO 
InGaAs 700 K -6.6 dB 0.34 mW 
GaAs 500 K (450 K) -6.0 dB (-5.7 dB) 3.0 mW(2.2 mW)

 
As can be seen the mixer noise temperature, as well as the 

conversion efficiency is inferior to the results achieved with 
GaAs. However, this can be explained by the high value of 
Rs, which may result from the 70 nm thick active layer of the 
used wafer. The zero bias capacitance is slightly too high for 
183 GHz which also may limit the performance of the mixer. 

IV. CONCLUSIONS 
The first test performed by using InGaAs antiparallel 

diode structures in a sub-harmonically pumped mixer, where 
no DC bias was required, is extremely encouraging. The 
receiver performance is only slightly worse than with a GaAs 
diode, but the Local Oscillator requirements are drastically 
reduced. Due to recent advances of millimetre wave power 
generation technology, the obtained results may be 
considered insignificant. However, this approach may open 
new perspectives for higher frequencies, where LO power is 
still a concern. 
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Abstract— We present here a novel integrated receiver 

architecture called Radiometer-On-a-Chip (ROC) that uses a 

combination of MMIC amplifier, GaAs Schottky multiplier and 

mixer devices and silicon micro-machining techniques. The 

novel stacking of micro-machined silicon wafers allows for the 

3-dimensional integration of the W-band power amplifier, a 280 

GHz tripler and a 560 GHz sub-harmonic mixer in an extremely 

compact package. Preliminary results give a DSB mixer noise 

temperature of 4860 K and DSB mixer conversion losses of 

12.15 dB at 542 GHz. Instantaneous 3 dB RF bandwidth extends 

from 525 to 585 GHz. To the authors' knowledge, this is the first 

demonstration of an all integrated silicon micro-machined 

receiver front-end at these frequencies. 

INTRODUCTION 

The sub-millimeter wave range (300 GHz – 3 THz) is rich in 

emission and absorption lines of various molecular species (i.e. 

CH4, CO, H2O, HCN, etc…) whose detection and mapping are 

important to understand the atmospheric circulation of telluric 

planets (Venus, Earth, Mars), outer planets (Jupiter, Saturn) and 

their moons (i.e. Europa, Titan). Sub-millimeter wave 

spectrometers with very high spectral resolution have been 

flown for Earth remote sensing up to 2.5 THz. However, their 

use in planetary exploration has been severely restricted due to 

their large mass and power requirements. Conventional 

approach prevents them from fitting in the mass and power 

budgets of most platforms.  

To tackle that problem, we present here a novel Radiometer-

On-Chip (ROC) architecture that uses a combination of GaAs 

MMIC Schottky diodes and silicon micromachining techniques. 

Due to the unique arrangement of actives components together 

with silicon micro-machined waveguide structure in a stacked 

configuration, three-dimensional radiometer circuits can now be 

conceived and are presented here. First, a W-band amplifier 

module based on this technology utilizing pHEMT based 

MMICs has been designed, fabricated and tested. The design of 

the Si-packaged amplifier is shown here. Second, the 

development of an integrated 530-600 GHz silicon micro-

machined ROC is discussed later. The 530-600 GHz ROC 

features an integrated 265-300 GHz tripler and 530-600 GHz 

sub-harmonic mixer based on MMIC GaAs membrane planar 

Schottky diodes. Preliminary measurement results are presented. 

This novel approach allows the reduction of the heterodyne 

receiver front-end elements (Local Oscillator generation based 

on frequency multiplication/amplification, sub-harmonic and/or 

fundamental mixers, IF Low Noise Amplifiers and DC bias 

circuits) by an order of magnitude in mass compared to 

conventional metal milling. 

ROC ARCHITECTURE CONCEPT 

The ROC architecture is based on the stacking of Silicon 

micro-machined wafers together with MMIC GaAs devices, 

and is shown in Fig.1. Two stages can be identified: the 1
st
 

one including components operating at W-band and the 

second one for the 300-600 GHz components. The first stage 

is made of the 1
st
 and 2

nd
 Si-layer. It includes a W-band 

Power Amplifier (PA) MMIC device in between. The 2
nd

 

wafer also act as a spacing layer between the first stage (PA) 

and the third stage. The second stage is made of the 3
rd

 and 

4
th

 Si-layer. It includes a 265-300 GHz MMIC GaAs 

membrane Schottky tripler and a 530-600 GHz MMIC GaAs 

membrane Schottky sub-harmonic mixer in between. Each 

layer interfaces with the next one through waveguides 

opening on the flat of the Si wafers. The LO signal is input 

via a W-band input waveguide. The RF signal is input via an 

RF feed-horn. The IF signal is output via a micro-coaxial 

connector on the top of the 4
th

 layer. 

 

 
 

Fig.1. Radiometer-On-a-Chip concept, including an input W-band 
waveguide, a W-power amplifier stage, an integrated 300 GHz tripler - 

600 GHz sub-harmonic mixer stage, and a 600 GHz RF feed-horn antenna. 

 

Although this approach is meant to integrate both stages at 

the same time, each stage has first been designed and 

implemented individually in order to characterize them 

separately. Therefore, in the following sections, additional 

Si-layers are used for each stage in order to interface them 

with standard metal waveguide flanges required for testing. 
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DESIGN OF A W-BAND POWER AMPLIFIER 

First, a W-band Power Amplifier MMIC based on GaAs 

pHEMT technology is packaged in a novel silicon micro-

machined block. The MMIC devices are similar to the one 

previously used in classical metal packages [1]. These MMIC 

devices are interfaced with W-band waveguide via H-plane 

probe transitions described in [2]. These transitions are 

chosen to have the input/output waveguide interfaces with 

external waveguides on the flat surface of the wafers as 

shown in Fig.1. However, in order to use common screw 

holes and dowel pin holes of standard waveguide flanges 

(UG387) for the input and output waveguides, it is necessary 

to re-align the input/output waveguides of the amplifier 

module. For that purpose, two waveguide H-bends derived 

from [3] are used at the input and output. One-step H-bends 

are chosen instead of two-steps bends described in [3] mainly 

for ease of fabrication. It has been shown using 3-D 

electromagnetic simulations (HFSS [4]) that the return losses 

of the transition from the microstrip lines to the input/output 

waveguides including the double bends are below -12 dB 

between 75 and 108 GHz, which is acceptable for W-band 

amplifier stage. The resulting 3-D hollow waveguide and 

channel structures is shown in Fig.2. They are shown 

together with the split lines of the four Si-wafer used. 

                                    

 
 
Fig.2: 3-D view of the W-band Si micro-machined Power Amplifier stage 
showing the hollow waveguide and channel structure (left hand side), and 

the four silicon micro-machined layers constituting the module and including 

a UG-387 flange for the input and output waveguides connections. 

 

The final W-band Si PA module is shown in Fig.3. The 

overall dimensions are 20 x 25 x 4 mm
3
. It weighs less than 

5 grams. As presented in a companion paper [5], the 

performance is similar to a metal packaged amplifier module 

using the similar devices. A typical output power between 30 

and 80 mW has been measured between 92 and 104 GHz. 

 
 
 Fig.3: Photo of an W-band Si micro-machined power amplifier module with 

integrated DC bias board. The dimensions of the Si part are 20x25x4 mm3. 

A 530-600 GHZ INTEGRATED TRIPLER/SUB-HARMONIC MIXER 

The second stage of the ROC is an integrated 265-

300 GHz tripler and 530-600 GHz sub-harmonic mixer using 

MMIC planar Schottky diode devices.  

A view of the second stage is shown in Fig.4. It is made of 

four micro-machined silicon layers stacked on top of each 

other (only the 2 bottom layers are visible in Fig.4). The 

tripler W-band input waveguide and 560 GHz RF input 

waveguide are aligned to use common screw holes and dowel 

pin holes of the UG-387 flanges, as previously described for 

the PA stage. Additional 1 mm diameter holes are included 

as dowel pin holes to align the four silicon layers precisely. 

K-type glass beads are used for the DC connection of the 

tripler, and the IF connection of the mixer. The IF microstrip 

to K-connector transition is taken from [6]. The only 

modification is that an SSMA flange launcher connector is 

used instead of a K flange launcher to reduce the footprint on 

the Si-wafer. A 2-10 GHz IF impedance matching circuit on 

AlN substrate is also included between the mixer and the 

output connector. It allows one to match the high impedance 

of the mixer diodes to the 50 Ω impedance of the 1
st
 LNA. 

 

 
Fig.4: 3-D view of the two bottom layers of the integrated 280 GHz tripler/ 

560 GHz sub-harmonic mixer stage of the ROC. It includes DC and IF K-

type connectors for the tripler bias and mixer IF output, an 2-10 GHz IF 
matching circuit, and two tripler and sub-harmonic mixer MMICs.  
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The 300 GHz MMIC Schottky device used for the tripler has 

been described previously [7]. In order to adapt it to the Si 

micro-machining architecture, the input and output 

waveguide matching network has been re-designed. As a 

result, the nominal operating bandwidth of the tripler is re-

tuned for 265-310 GHz, compared to the initial 260-340 GHz 

bandwidth [7]. The 530-600 GHz sub-harmonic mixer 

features a GaAs membrane MMIC device with a pair of 

planar Schottky diodes arranged in balanced configuration, as 

described in [8]. The MMIC sub-harmonic mixer (SHM) is 

biasless. Details about the simulation procedure employed for 

the design of the 280 GHz tripler and the 560 GHz sub-

harmonic mixers can be found in [9][10]. Both devices are 

first simulated separately, and then simulated together in 

ADS to compute the overall performance and maximize the 

matching between the tripler and mixer stage at LO 

frequencies (265-300 GHz). Detailed view of the 280 GHz 

tripler/ 560 GHz sub-harmonic mixer circuit is shown in 

Fig.5. As shown in Fig.5, the W-band input LO signal enters 

from the top and the RF signal enters from the bottom of the 

Silicon wafers stack. 

 

  
Fig.5: Detailed 3-D view of the 280 GHz tripler / 560 GHz sub-harmonic 
mixer stage. The tripler is a balanced 6-anodes GaAs Schottky MMIC 

similar to [7]. The sub-harmonic mixer is a balanced 2-anodes GaAs 

membrane Schottky MMIC scaled from [8]. 

 

Simulations show that an input power between 2 mW and 3 

mW is enough to pump the mixer, and that 30-50 mW of 

input power at W-band is necessary to pump the combined 

tripler/mixer. 

Tripler/mixer stage fabrication  

The second stage of the ROC has been fabricated using 

DRIE micromachining techniques to etch the waveguides 

and channels in four 750 µm thick silicon layers. The details 

of the fabrication process are described in a companion paper 

[5]. The Silicon layers, once etched, are gold plated. Devices 

are mounted on the two bottom layers. Due to the fact that 

the RF waveguide is opened in the bottom, it is possible to 

precisely align optically the RF feed-horn with the RF 

waveguide opening of the two bottom Si layers and glue it in 

place before closing the Si block. A photo of the mounted 

second ROC stage is shown in Fig.6. As illustrated in Fig.6, 

the four Si layers are sandwiched between the W-band input 

LO waveguide and the 560 GHz RF feed-horn antenna. The 

feedhorn antenna used for the test is a corrugated type. A 

small additional plate on the back of the wafers (the W-band 

input side) allows to press the SSMA connector flat on the 

front side of the wafers (RF input side). 

 

 
 
Fig.6: Photo of the second stage of the ROC, including 280 GHz tripler and 

560 GHz sub-harmonic mixer MMICs. It also includes an SSMA IF 

connector and K-type glass bead DC bias connection. The overall 
dimensions of the Si block are 20x25x3 mm3. 

 

The overall dimensions of the silicon micromachined 

tripler/mixer stage is 20x25x3 mm
3
. Without the feedhorn, 

SSMA and input waveguide, it weighs less than 5 grams. 

Preliminary test results 

Preliminary tests on the second stage of the ROC are very 

encouraging. The tripler/mixer stage is pumped with an 

Agilent W-band source and a classical driver/power amplifier 

stage. The IF output is fed into an automatic mixer 

measurement IF amplification and detection test set-up. A 

classical Y-factor measurement was performed using a room 

temperature and liquid nitrogen cooled calibration load. The 

IF bandwidth is 30 MHz centered around 4 GHz. No 

correction for IF mismatch was included. 

Preliminary test results give a DSB mixer noise 

temperature of 4860 K and DSB mixer conversion losses of 

12.15 dB at 540 GHz center RF frequency. The 3 dB 

instantaneous RF bandwidth extends from 525 to 585 GHz. 

The amount of input power necessary at W-band to pump 

optimally the mixer is measured between 30 and 50 mW, in 

accordance with the predictions. 

It is expected that the performance of the ROC will 

improve with a better control of the surface roughness of the 

waveguides. 

A 560 GHZ COMPLETE ROC FRONT-END 

A complete silicon micro-machined ROC module 

including the first W-band PA stage and the second 

tripler/mixer stage has been assembled  and is shown in 

Fig.7. The overall dimensions of this front-end is 

25x25x8 mm
3
 for the silicon parts, and weighs less than 10 

grams. This corresponds to a reduction of approximately 50 

in size and mass compared to traditional metal machined 

receiver front-ends. 
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Fig.7: Photo of a fully assembled ROC front-end module, including the 

silicon micro-machined PA and tripler/mixer stages. The overall dimensions 

of the silicon parts of the ROC is 25x 25x8 mm3. 

 

Tests are on-going in order to fully characterise this ROC 

front-end module. 

CONCLUSIONS 

As a proof-of-concept, a silicon micro-machined W-band 

amplifier module and a 530-600 GHz integrated sub-

harmonic mixer/tripler based on the same approach have 

been demonstrated. This novel  silicon-based architecture 

allows for the 3-D integration of amplifier, multiplier and 

mixer MMICs in a extremely small package. This 

architecture is also readily extendable to two dimensional 

array of receivers, paving the way for the development of 

large focal plane array type instruments. This novel 

architecture is expected to reduce the size, mass and power 

consumption of heterodyne receivers onboard future missions 

dedicated to the remote sensing of planets' atmospheres and 

surfaces, as well as for astrophysics. 
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Abstract 

 
The planar GaAs Schottky diode frequency multiplier is a critical component for the local oscillator for 

submillimeter wave heterodyne receivers. They provide low mass, electronic tunability, broad bandwidth, long 
life time, and room temperature operation. The use of a W-band (75GHz – 110 GHz) power amplifier followed 
by one or more frequency multipliers is the most common implementation of submillimeter-wave sources from 
200 GHz to 2000 GHz. 

 
Recently, W-band GaN-based MMIC power amplifiers and power-combined GaAs power amplifiers have 

provided the possibility of generating watt level powers at W-band. As more power at W-band is available to 
the multipliers, the power handling capability of multipliers becomes more important. High operating 
temperature due to the high input power leads to degradation of conversion efficiency.  

 
Therefore, electro-thermal models have to be used to optimize the performance of the devices themselves 

but also the multipliers. We have developed a circuit simulator that couples the embedding circuit with a 
numerical physics-based electro-thermal model for Schottky diodes. This model takes into account both the 
electrical limiting transport mechanisms and also self-heating. The thermal characteristics are taken into 
account by adding the heat conduction equation to an existing physics-based electrical model based on the 
drift-diffusion theory. This additional equation applies conservation of energy to the composite system 
consisting of electrons, holes, and phonons. 

 
Thermal phenomena are strongly affected by 3D propagation effects, and are relevant on lengths much 

larger than what is needed for an accurate electrical description. This property makes a direct numerical 
solution of the coupled electro-thermal problem unnecessary. An accurate and efficient approach is thus 
required, based on the full numerical solution of the transport equations coupled to the heat transfer equation in 
a reduced volume. This reduced volume includes all areas of the device where electrical effects take place. 
Thermal effects from the excluded device volume are accounted for by using appropriate thermal transport 
boundary conditions, derived based on a lumped approximation of heat transfer in the corresponding areas. 

 
This tool can be used to design appropriate Schottky diodes taking into account not only geometrical aspects but 

also different materials (GaAs diode on diamond, GaN diode on SiC). However, the main objective is to develop 
high performance Schottky-based circuits working at millimeter bands and above based on simulation tools with 
increasing capabilities. 
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Abstract— Several techniques for measuring the radiometric 
temperature (brightness) of a refrigerated dry calibration load 
for ALMA front-end verification are presented. The brightness 
of the load including the effects of the cryostat window is 
estimated using different techniques and compared at 
frequencies up to 1 THz. The measured results are compared 
with those obtained by a conventional calibration technique 
using the ALMF front-end. The estimated brightness shows a 
good agreement at lower ALMA bands (below 400 GHz) with 
increased deviation at higher frequencies. Measured noise 
temperatures of the ALMF front-end using a wet LN2 load and 
the dry cold load are also presented. 

I. INTRODUCTION 

Noise temperature is one of the crucial parameters that 
describe the performance of a high sensitivity cooled 
receiver. The noise performance of a receiver can be 
characterised by performing a relative measurement using 
thermal calibration loads with the radiated noise power or 
radiometric temperature known a priori.  For a reference 
radiometric temperature, thermal calibration loads commonly 
use high emissivity absorbing materials immersed in liquid 
cryogen (wet load), which provides stable radiometric 
temperatures at stationary state. However, owing to the 
difficulties in handling of the wet load, the measurement 
could be cumbersome when the receiver under test needs to 
be measured repeatedly at different orientations. Verification 
of the Atacama Large Millimetre/submillimetre Array 
(ALMA) front-end [1] requires such a task, for which use of 
a closed cycle refrigerator cooled load inside a vacuum 
container, i.e., a dry cold load shown in Fig. 1 is proposed. 
This will reduce the need for a liquid Nitrogen (LN2) load 
and will ensure stable load temperature during measurement. 
Key requirements of the dry cold load for the characterisation 
of the ALMA receivers include a constant stable brightness 
temperature over a wide bandwidth up to 1 THz, polarisation 
insensitiveness, high emissivity, mechanical stability, etc.  

For an ideal blackbody load (emissivity = 1), the 
radiometric temperature (brightness) of the load is identical 
to its physical temperature. The reflection from the load will 
add the same fraction of radiation from the surrounding 
environment to its original brightness, hence results in a 
modified overall radiometric temperature. Owing to the 
presence of the window and metallic surroundings in the dry 
cold load, the accurate estimation of the load brightness is 

challenging. The most significant factor that affects the 
performance of the dry load is the window characteristics, 
which are described by absorption and reflection coefficients.  

In this paper, several techniques for estimating the 
brightness of the dry cold load by using a network model, 
Fourier transform spectroscopy and receiver calibration are 
presented. 

 

 
Fig. 1  Cross section of dry cold load 

II. LOAD DESIGN 

The calibration target for the dry cold load shown in Fig. 3 
is manufactured by the Rutherford Appleton Laboratory 
(RAL) and is based on a pyramidal absorber fabricated from 
cast epoxy that is loaded with ferrite to provide good 
absorption properties at microwave and millimetre-wave 
frequencies [2]. A corresponding pyramidal aluminium 
backing structure ensures that the surface of the absorber is 
no more than 2 mm from the aluminium, providing good 
thermal coupling between the absorber and the heat sink. The 
target load is mounted in a cryostat and cooled by a 
commercial cold head (Cryo Tiger T2114). The performance 
of the cooler is independent of orientation. To maintain a 
vacuum a 119 mm window of Mylar sheet with 23 μm 
thickness is used and this is backed (without using glue) by 
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50 mm of expanded polystyrene foam (FLOORMATE 700-
A, Dow Chemical Co.) fitted in an aluminium frame attached 
to the cryostat for mechanical support.  The geometry and 
photo of the dry cold is shown in Figs. 1 and 2, respectively.  

The backscatter of the calibration target has been 
measured using a millimetrewave VNA. The maximum 
reflectance of the target was searched and recorded for the 
angle of incidence varied between -10° and +10°. The overall 
reflectance of the target was measured around -40dB at most 
frequencies within the band (75 - 360 GHz) as shown in Fig. 
4. The polarisation sensitivity of the calibration target is also 
tested by rotating the target with a fixed incident polarisation 
(vertical electric field). The measured results showed that the 
target does not show significant variation in the maximum 
reflectance for different polarisations at normal incidence. 

 

 
Fig. 2 Dry cold load connected to a vacuum pump and cooler 

 
 

 
Fig. 3 Calibration target manufactured by RAL 
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Fig. 4 Measured reflectance of the calibration target 

 

III. WINDOW PROPERTIES 

Effects of the vacuum window on load performance must 
be minimal and provide transparent radiometric 
characteristics to the calibration target. Several low-loss 
materials have been investigated and it was found that 
combination of insulating foam commonly used for 
construction material and a Mylar sheet showed desirable 
performance. The window material introduces reflective and 
absorptive properties, which alter the effective brightness of 
the calibration load. Fig. 5a shows the simulated reflectance 
of commercially available Mylar sheets with different 
thicknesses. The insertion loss of the Mylar sheet is primarily 
due to reflection from the material. Fig. 5b shows the 
transmittance of the foam material measured using a Fourier 
transform spectrometer (FTS) [3]. 
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                                (a)                                                           (b) 

Fig. 5 Characteristics of the window material: (a) simulated reflectance of 
Mylar, (b) measured (FTS) transmittance of expanded polystyrene foam 

 

IV. EFFECTIVE RADIOMETRIC TEMPERATURE 

If the radiometric temperature of the load is known, the 
overall effective brightness of the load, including the window 
effects, can be calculated using a microwave network model 
[4]. The window material is characterised by absorption and 
reflection coefficients and represented using the S-
parameters. The overall brightness of the load is calculated 
using the model shown in Fig. 6. The S-parameters used for 
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the investigation were extracted from reflectance and 
transmittance of the window materials shown in Fig. 5.  

 

 
Fig. 6 Microwave network model of cold load problem (TGS: radiometric 
temperature of the target, TWIN: radiometric temperature of the window, Tcold: 
radiometric temperature of the cold load, ZOS: characteristic impedance of 
the medium between the target and the window, ZOR: characteristic 
impedance of the medium between the window and the receiver, ΓG: 
reflection coefficients of the target, Γ1S: reflection coefficients of the window, 
Γ2S: reflection coefficient of the window, Γ1R: reflection coefficients of the 
receiver, [S]: S-parameter of the window) 

 
Owing to a low thermal conductivity of the window 

material, the temperature gradient within the window is 
ignored in the model and a uniform ambient temperature is 
used; however, in reality, the contribution of the reflection 
and absorption of the window to the overall radiometric 
temperature must be weighted by the temperature gradient 
within the window. 

 

 
Fig. 7 Fourier Transform Spectrometer set-up 

 

Direct observation of the radiated noise power from the 
load at upper ALMA bands (200 GHz – 1 THz) was 
performed using a Fourier transform spectrometer (FTS) and 
the detected power from the dry cold load was compared 
with those from an ambient and an LN2 load. A cooled InSb 
hot electron bolometer detector system (QFI/2BI, QMC 
Instruments, Ltd.) was used for the measurement. For the 
reference load, microwave absorbing materials (Eccosorb® 
AN-72) [5] at ambient temperature and immersed in LN2 
were prepared. The radiometric temperature used for the LN2 
load is 77.35 K over the observed frequency. The reflection 
from the LN2 load was ignored, but the true radiometric 
temperature of the LN2 load is slightly higher than 77.35 K. 
The input of the detector was chopped at 680 Hz against the 
ambient load and the detector output was measured using a 
lock-in amplifier (SR-850, Standard Research Systems). The 
overall diagram of the set-up is shown in Fig. 7. The detected 
spectra for different loads are plotted in Fig. 8. The results 
were accumulated over eight times of measurements in order 
to reduce measurement noise. The radiometric temperature of 
the load is calculated by comparing the detector output of 
two reference loads (ambient and LN2 loads). Effects of the 
optics (lens) at the load side are subtracted from the results. 
The performance of the dry cold load was found to be almost 
identical up to 250 GHz showing very similar radiometric 
temperature compared with the physical temperature of the 
target and beyond 250 GHz, the brightness gradually 
increases. There were several atmospheric absorption lines 
observed in the measured spectrum, and the measurements at 
those frequencies were ignored. The calculated brightness of 
the load based on the FTS measurements was fitted by a 
polynomial and compared later with results obtained by other 
techniques.  
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Fig. 8 Radiation spectra measured using FTS 
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Fig. 9 Dry cold load installed at ALMA Front-End for receiver noise 
measurement 

 
Finally, the brightness of the cold load was measured 

using the ALMA front-end receiver at Band 6 (221-265 
GHz) and Band 9 (614-710 GHz). Fig. 9 shows the dry cold 
load installed on the ALMA front-end cryostat with chopper 
assembly. The standard Y-factor method was used to 
calculate the radiometric temperature of the load. For the 
calibration load, a cone of AN-72 absorbing material soaked 
in LN2 and a sheet of AN-72 at ambient temperature were 
used. The radiometric temperatures estimated and measured 
by three different methods were plotted together in Fig. 10 
for comparison. Good agreement was observed among three 
methods at lower frequencies, whereas some discrepancies, 
but with reasonable agreement in the trend, were noted at 
higher frequencies. These discrepancies are attributed to 
increased errors in the measured material properties used in 
the model and the assumptions made for the window, e.g., 
temperature profile. 
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Fig. 10 Comparison of estimated and measured brightness 

 

The receiver noise temperature of ALMA front-end at 
Band 9 was measured again using both the dry cold load and 
compared with the cartridge group data in Fig. 11.  
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Fig. 11 Comparison of receiver noise temperatures (Band 9 LO = 614 GHz) 
measured at ALMA European Front-End Integration Centre (EU-FEIC) and 
reported in Preliminary Acceptance In-house (PAI) test results at cartridge 
group 

 

V. CONCLUSIONS 

The radiometric temperature of the dry cold load with a 
vacuum window has been measured using several techniques. 
A microwave network model based on the transmission and 
reflection characteristics of the window material is used to 
estimate the effective brightness of the dry cold load. The 
radiation spectrum of the dry cold load was directly 
compared with the liquid Nitrogen cooled and the ambient 
loads using the Fourier transform spectroscopy technique, 
and the effective brightness was calculated. Finally, the dry 
cold load was calibrated using the ALMA front-end. The 
performance of the dry cold load investigated by different 
techniques showed a good agreement in the estimated 
brightness. The FTS technique can be very effective for 
characterising calibration targets over a broad frequency 
range.  
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Abstract

We present the design and test results of the hot and the ambient calibration targets for 
the   Atacama  Large  Millimeter  Array  (ALMA).  The  targets  have  to  cover  a  very  wide 
frequency range from 31 to 950GHz and the hot target has to be heated up to 90°C. The 
required absolute radiometric accuracy of the ambient and hot targets is +/- 0.3K and +/- 
0.5K (at 70°C) respectively.  In order to meet these requirements  different  contradictory 
design aspects had to be considered. One of the most important parameters  for a high 
quality blackbody calibration target is an overall emissivity close to unity. The requirement 
on  the  emissivity  depends  on  the  temperature  difference  between  the  target  and  its 
environment. Even in the worst case the ALMA requirements for the absolute accuracy of 
the ambient and  hot targets will be met with emissivities of 0.999 and 0.998 respectively, 
which  corresponds  to  a  total  scattering  of  -30dB  and  -27dB.  In  addition  the  coherent 
backscatter of the target has to be significantly smaller than these values since it can lead 
to standing waves between the receiver and the target and thus to a significant error on 
the radiometric calibration. Although not quantified explicitly in the ALMA requirements, 
we identified as a design goal a coherent backscatter of -56dB for the hot and -60dB for the 
ambient target. The second parameter which determines the absolute calibration accuracy 
is  the temperature gradient across the target aperture or within the absorber material. 
Especially for the hot target there will be always a certain difference between the sensors 
that read the physical temperature and the effective surface temperature of the absorber. 

To meet the stringent accuracy requirements the ALMA calibration targets have a folded 
conical geometry. The absorbing material is attached to a metal backing and consists of a 
multilayer composition of different absorber grades which is tuned for the most critical 
frequency bands of operation.  We present the overall  design of the calibration targets, 
ray-tracing simulations of the multilayer absorber cones, as well as experimental results. 
These  include  reflection  measurements  between  30-700GHz  with  a  vector  network 
analyzer,  radiometric tests with a 91GHz radiometer and an assessment of the thermal 
gradients under different operating conditions using distributed temperature sensors and 
an IR camera. 

Development of Conical Calibration 
Targets for ALMA

Axel Murk*, Pavel Yagoubov†, Richard Wylde‡, Graham Bell‡, Irena Zivkovic*
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Abstract— Harmonic mixers for high frequencies have been 

available for many years but conversion loss has always been 

relatively high and usually with many dips in the frequency 

response.  There are many devices covering the lower 

waveguide bands, but relatively little above 110GHz. As part of 

Rohde & Schwarz’s new line of VNA extenders, Radiometer 

Physics (RPG) has designed a new range of waveguide harmonic 

mixers, covering from 24.5 to 900GHz with excellent 

performance. Part of this work includes complete redesign and 

fabrication of extremely low parasitic anti-parallel mixer diodes 

by two independent, competing groups:  RAL and ACST. These 

diodes can also be used to make excellent sub-harmonic mixers 

(2nd harmonic of the LO) with high sensitivity.  We also outline 

the use of a wideband stripline filter, using a “photonic band 

gap” structure and an unconventional waveguide transition for 

the RF signal coupling. 

I. INTRODUCTION 

Recent years have seen an increasing interest in extremely 

high (sub-mm) frequencies by the microwave industry. The 

technology to reach these high frequencies has only recently 

moved from the exotic to main-stream. Use of sub-mm 

instrumentation includes high-resolution security scanners [1], 

quality control of thin materials [1], atmospheric ice-cloud 

studies by satellite [2] or high-altitude balloon or aircraft [3],   

and ultra secure high-speed data links.  Test equipment for 

these sub-millimetre wavelengths (>300GHz) has previously 

been limited to over-moded versions of lower frequency 

devices, with poor performance. Radiometer Physics has 

developed a new range of high-performance, broadband, 

balanced mixers and frequency sources, which are used to 

make test equipment to enable sub-millimetre engineers to 

use the same methods as millimetre or microwave engineers. 

These individual devices will be discussed, as well as the test 

equipment that can be built from them. Several other groups 

(Oleson OML, Virginia Diodes) are developing similar test 

equipment for this rapidly expanding field and interest in 

sub-mm wavelengths is certain to increase. 

II. HARMONIC MIXERS 

A key to using spectrum analysers and Vector Network 

Analysers (VNA) at sub-millimetre (sub-mm) frequencies is 

the development of high performance harmonic mixers, 

which have good conversion efficiency, flat frequency 

response, and stable characteristics to allow unchanging  

calibration.  These specifications can be achieved with 

mixers having the following characteristics: 

 

1) Low  Harmonic Number 

Many harmonic mixers for sale today were designed more 

than 25 years ago, when the maximum Local Oscillator (LO) 

frequency was usually less than 6 GHz. This severely limits 

performance, as a very high harmonic number is required to 

reach sub-mm frequencies. A key to our harmonic mixer 

results is keeping the harmonic number low, which implies a 

high LO frequency. Modern VNAs and spectrum analysers 

have internal oscillators which often exceed 15GHz and are 

much better suited for high frequency extender use. A low 

harmonic number allows a very uniform conversion 

efficiency curve, which is less prone to LO power or 

temperature variations.  For extremely high frequencies, the 

harmonic number of the mixer can further be reduced by 

multiplying the LO before use in the harmonic mixer. This is 

nowadays quite simple, with a large range of GaAs MMIC 

devices to provide multiplication and amplification. We can, 

for example, pump a 800GHz mixer using the 8
th

 harmonic 

(at 100GHz) and employ a x6 multiplier (16.67GHz initial 

LO frequency).  Such a system is usually packaged as a 

module which includes all additional amplifiers, multipliers 

and power supplies.   

The small insert photo 

on the left shows such a 

receive system, in this 

case allowing the 110-

170GHz waveguide band 

to be covered but using 

only the 4
th

 harmonic at 

the mixer by providing 

an additional x4 for the externally applied LO. This enables 

better performance to be achieved than using x16 directly. 

2) Good Input Match 

All harmonic mixers using a harmonic more than 4 

(including the latest ones developed here) have a terrible RF 

input return loss of typically -2 to -4 dB. This is often 

compensated for by fitting the harmonic mixers with lossy 

absorbing material, but is accompanied by a loss in 

sensitivity and performance unrepeatability.  Our approach is 

different; instead of using an absorber, or another lossy 

device, we fit each harmonic mixer with an RPG-made full-

band, low-loss Faraday rotation isolator, (based on  [4]), fitted 
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(dB) 

as close to the mixer as possible. This solves the problem of 

the input return match as well as providing a good 

termination for unwanted harmonic signals generated at the 

mixer. Return loss is maintained at better than -16dB and the 

behaviour of the harmonic mixer is now entirely decoupled 

from  the input waveguide flange match. Calibration data is 

provided for the mixer plus isolator combination and can be 

applied with high accuracy.  

 

3) Control of Harmonics 

In the design of the Agilent 11970 harmonic mixer, HP 

engineers discovered just how severe a problem unwanted 

harmonics can be [5]. We have already spoken about 

unwanted harmonics in the input waveguide in 2) but 

harmonics also travel back down the LO port. Controlling 

how these frequencies are terminated is similarly critical to 

producing a mixer with a flat frequency response.  We use 

balanced designs for all the mixers which have many 

advantages, including cancellation of LO amplitude noise in 

the IF. The balanced design also means that the even LO 

harmonic components remain in a “virtual loop” in the anti-

parallel diode and mix with the incoming signal. No filtering 

of any sort is required for the even harmonics. 

The odd harmonic RF currents however do not cancel in 

the anti-parallel diode pair, but are strongly generated and 

travel away from the diodes. The third harmonic is especially 

strong and needs proper termination. This is of course rather 

difficult to achieve in practise as the stripline circuitry must 

be small for the high input frequency but large enough to 

create a 3
rd

 harmonic filter (at a very much lower frequency). 

If the substrate is made too wide or thick, it starts to exhibit 

narrow-band ‘substrate’ modes  which cause unpredictable 

behaviour.  We have used a combination of stub-filters and 

new, photonic-band gap (PBG) filters to achieve extremely 

wideband filters in a very compact form, such that the 

reflections of the 3rd and 5th harmonics do not have enough 

electrical length to cause interference problems, but realised 

on quartz, with dimensions that are appropriate for the high 

input frequency. 

 
Fig 1 HFSS model of “PBG” low-pass filter  

 

The filter structure illustrated uses a quartz substrate, with 

dimensions of only 180um wide x 160um long x 35 um high;   

unusually small for a 200GHz LPF. A transmission and 

reflection plot of  this design is shown in Fig 2. 

 
Fig2 S21(red) and S11(green) plot of Fig 1  (dB scale ) 

 

4) Novel Waveguide Transition Structure 

    To keep electrical lengths to an absolute minimum on 

the RF input side of the diode pair, a modified version of a 

standard rectangular waveguide to stripline transition (using 

a paddle probe extending approximately ½ way into the 

waveguide) was used. The design easily covers a whole 

waveguide band.  

 

 
Fig 3 HFSS simulation of performance of the transition. 

 

This transition has the new feature of a bond-wire forming 

a short to the waveguide back-short wall. The design is 

extremely tolerant to the dimensions of the short and there is 

an added advantage that the waveguide is not reduced-height. 

The short is necessary to drive the diodes against a ground 

for the LO frequency. 

 

5) Anti-parallel Diode Redesign 

Anti-parallel diodes which have low parasitic reactance are 

critical to providing good performance at high frequencies. 

Keeping junction capacitance (Cj0) down is also important to 

maintain a low conversion loss. The dependence of 

conversion loss (L) on Cj0 in an anti-parallel mixer has been 

previously studied [6].  
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Unfortunately, all the presently available anti-parallel 

diodes for general sale have too high a value of Cj0 and too 

high parasitic reactance for high-performance use much 

above 300GHz.  They are also physically too large to fit on 

strip-line substrate which is appropriate for 900GHz.   

We have two collaborators:  RAL and ACST, who have 

independently fabricated GaAs anti-parallel diodes that are of 

a new design, suitable for mixer use up to near 1THz. Two 

different approaches have been applied to the parasitic 

reactance question, both of which have been proven to work 

extremely well for harmonic mixers.   In both cases, a key 

feature is reducing the parasitic capacitances of the diode, but 

also reducing the inductance of the beam-lead anode fingers, 

which we believe has been slightly overlooked in previous 

anti-parallel diodes. Details of these two diode designs will 

soon be released by the manufacturers (ACST GmbH 

Germany and SFTC RAL, UK) 

 

6) Design Method 

Designs were created and analysed using a mixture of 

Ansoft HFSS and AWR Microwave Office.  HFSS is used to 

model the 3-D structure and diodes. An S-parameter file is 

then exported to Microwave Office for non-linear harmonic 

balance analysis.  Accurate simulations are extremely tricky 

due to the high harmonic content and harmonic interactions. 

III. RESULTS 

TABLE I 

Freq 

(GHz) 

Harmonic Mixer parameters 

Harmonic 

number  

 

max/min 

Conversion loss 

(dB) SSB 

LO power 

26.5-40 3 *       13dB to 17dB +13dBm 

75-110 8           16 to 26dB +15dBm 

75-110 6           15dB to 25dB +15dBm 

75-110 7 *       18dB to 27dB +10dBm 

110-170 12         24dB to 35dB +14dBm 

140-220 16         30dB to 42dB +12dBm 

220-325 16         32dB to 50dB +11dBm 

400-560 6**       25dB to 35dB +12dBm 

650-780 8**       39dB to 43dB +12dBm 

680-780 10**     45dB to 50dB +12dB 

810-835 8***       24dB +10dBm 

 
*Indicates a cross-bar mixer, operation on ODD harmonic 

** Unit sold by RPG includes a x6 active multiplier 

*** Narrow band unit optimised for 820GHz  
 

 
Fig 4 Conversion Loss (L) measurement of two mixers 

(WR10 mixer, 8
th

 harmonic). Data point every 0.1GHz 

Fig 4 shows high frequency resolution measurements of 

two, identical WR10 (75-110GHz) harmonic mixer, using the 

8
th

 harmonic. The conversion efficiency is good (-20dB on 

average), shows minimal structure and the mixer-to-mixer 

performance is very repeatable. 

 
Fig 5 Conversion Loss (L) measurement of a WR3.4 mixer 

using the 4
th

 harmonic, showing remarkably flat response. 

 

  All conversion loss curves for normal products can be 

viewed on RPG’s web site, under “New Product line: 

Spectrum Analyser solutions”  [7]. 

 
Fig. 6 A packaged harmonic mixer includes a replaceable 

waveguide test-port adaptor, an internal isolator and a 

LO/IF diplexer.  IF and LO have separate SMA connectors. 

 

These new mixers in table 1 show excellent performance 

compared to previous designs. Especially good is the result at 

820GHz which is, however, narrow band and highly 

optimised. The 820GHz mixers have been built into an array. 

 
 

Fig 7 Packaged 820GHz harmonic mixers with feed horns, 

IF amplifiers and common WR10 LO port. 

f(GHz) 

  L 

(dB) 
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Using the previous generation of anti-parallel diodes in 

the 820GHz mixer, conversion efficiencies of around -45dB 

were obtained for a similar setup, so the new result shows a 

20dB improvement!  This conversion efficiency is 

exceptionally good given the frequency, and is very 

important for achieving a good dynamic range. The 820 GHz 

mixer is intended for use in a 32-element FMCW radar array 

for the examination of closed containers with a fast frame 

rate of 10 f.p.s. (project TERAcam).  It is quite easy to 

integrate these mixers into a linear array and feed them with a 

common, high power LO source.  Fig 7 shows a photo of 

eight such mixers in a working, stackable system, with a 

common WR10 LO input, ready for integration. 

The rest of the harmonic mixers are designed to cover an 

entire waveguide band and some compromises have been 

made for bandwidth. Mixers up to 900GHz have been 

designed and are in the process of being tested. Testing is 

presently hampered by the unavailability of test equipment, 

calibration standards and wideband test sources. 

These new mixers and wideband sources (also newly 

developed at RPG) are integrated into the latest Rohde & 

Schwarz VNA ZVA-Z series extenders and provide excellent 

dynamic range, calibration stability and accuracy. With two 

extenders (Fig 8) a complete set of accurate S-parameters can 

be measured, with a dynamic range of  > 110dB (10Hz 

bandwidth) across the entire WR10 waveguide band.  

 
Fig 8 Rohde & Schwarz ZVA-Z110  VNA setup  for WR10. 

 

IV. SUB-HARMONIC MIXERS 

It is also possible to use these new, low-parasitic 

antiparallel diodes in “normal” sub-harmonic mixers (LO is 

½ the RF frequency). The results of early tests are very 

encouraging. For the highest frequencies, this has required a 

slight re-design of the existing mixer blocks, as the electrical 

length of the new-style anode beam-leads is significantly 

shorter than the older diode (less phase shift). The 

transmission line path length on both sides of the diode 

therefore had to be slightly lengthened to compensate and 

bring the design back to the optimum point. Tests at 424GHz 

and 660GHz have been made with the following results: 

 

 

TABLE II 

Freq 

(GHz) 

Sub-Harmonic Mixer parameters 

Tsys Conversion 

loss (dB) DSB 

LO power & 

diode type  

410-450 1700K 7.2dB 5mW       ACST 

650-670 2400K 8.0dB 4mW       ACST 

 

Tsys is calculated directly from Y-factor measurements, 

without any extra corrections, so it also includes losses of 

waveguide and horn as well as the IF amplifier noise 

contribution.  The 660GHz measurement is especially good, 

and uses a novel waveguide transition. Three 660GHz mixers 

with similar performance have been manufactured, with 

consistent Tmixer of around 1700K. 

V. CONCLUSIONS 

Using new diodes and careful mixer design, the 

performance of harmonic mixers at sub-mm wavelengths has 

improved substantially. There are still challenges to be 

overcome, including the design and production of low-loss, 

wideband isolators, directional couplers, wideband sources 

and calibration methods at the highest frequencies. However, 

big improvements have already been made. Many of these 

new components are being used to construct new ranges of 

test equipment, including spectrum analyser and Vector 

Network Analyser extenders, offering previously unavailable 

performance, stability and dynamic range. 
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Abstract—Superconducting Submillimeter-Wave Limb-
Emission Sounder (SMILES) has successfully started in-orbit
operation. The results of the ground tests and in-orbit
performance measurements are described and compared in this
paper. We found that the in-orbit performance is fully satisfy
the specifications and SMILES data has sufficient quality for
atmospheric science study. The system noise temperature in
orbit is consistent with that measured in the ground test if the
result of the ground test is modified correctly. The measured
system noise temperature measurement is also influenced
by the receiver gain nonlinearity. There is still a room for
improvements, for example nonlinearity correction, in Level 1B
processing of SMILES,

I. INTRODUCTION

Superconducting Submillimeter-Wave Limb-Emission
Sounder (SMILES), which was jointly developed by National
Institute of Information and Communications Technology
(NICT) and Japan Aerospace Exploration Agency (JAXA),
was launched in September 2009 and successfully started
observations of the Earth’s atmosphere. The original proposal
for SMILES mission was made by the former organizations
of NICT and JAXA, that is Communications Research
Laboratory (CRL) and National Space Development Agency
(NASDA) respectively, and accepted by NASDA in 1997 [1].
Since the late 1990s we have developed SMILES payload
whose main part is 640-GHz band superconducting receivers
with a space-qualified 4-K mechanical refrigerator to cool
SIS mixers. Although the launch date of SMILES to the
International Space Station (ISS) was significantly delayed
from the expected date in early stage of development, the
revised schedule after the critical design review of SMILES
in 2006 was kept without large delay. We did not have any
critical problem in the integration of the flight model, the
ground tests, the launch and the installation on the ISS. Soon
after SMILES was attached to the Exposed Facility (EF) of
Japanese Experiment Module (JEM or Kibo), the SMILES
4-K cooler was turned on and is continuously running up
to now without any serious problem. The receivers are also
stable. SMILES shows satisfactory performance in orbit and
continues to produce excellent observation data of atmosphere
just as we had designed. The objectives of the SMILES
mission are an engineering demonstration of the submillimeter

limb-emission sounding with the superconducting technology
in space, and scientific observation of the spatial and temporal
distributions of global atmospheric properties in stratosphere
[2].

By applying very low noise receiver performance to Earth’s
limb-emission sounding, it becomes possible to study de-
tailed stratospheric chemistry and other atmospheric science
more precisely than before. Many stratospheric radicals and
molecules can be observed by SMILES. Chlorine monoxide,
ClO, is one of the important components in halogen chemistry
of stratosphere. The MLS [3] and Odin/SMR [4] have long
records of ClO observations. SMILES will add the more
detailed observations including mid-latitudinal or background
low-level concentrations, and diurnal variations. SMILES will
also provide the observations of chlorine related species such
as HCl and HOCl. Bromine monoxide, BrO, is another im-
portant halogen radical in the stratosphere. Global observation
of stratospheric BrO is, however, very limited in the past. The
submillimeter observation of BrO is not necessarily easy. The
limb-emission intensity from BrO is far weaker than that from
ClO, and is in the order magnitude of 0.1 K, that is less than
the SMILES instantaneous sensitivity of 0.3 K. Nevertheless,
some early studies on the retrieval from the SMILES data show
that the height profiles of BrO can reasonably be retrieved.
There are many emission lines of radicals and molecules in the
atmosphere in the SMILES band. In addition to the halogen
species, observations of those constituents, such as O3, O3

isotopes, HO2, HNO3, CH3CN, are expected to contribute to
the atmospheric science.

In this paper we describe an overview of the SMILES
instrument with the results of ground tests carried out before
launch. in-orbit performance is compared with the ground
test results in section IV. example of the observed spectra
are shown in section V. In this section, pointing issue of the
SMILES antenna related to the attitude of SMILES is also
discussed. In section VI the SMILES products, Level 1 product
in particular, are introduced.

II. OVERVIEW OF SMILES

The Kibo module (JEM), that is a Japan’s contribution to
the International Space Station (ISS), was constructed on the
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Fig. 1. Japanese Experiment Module (JEM) in the International Space Station
(ISS). The right half of the photo is the Exposed Facility (EF). The ISS flies
downward of the photo. The second from the left in three payloads attached
on the front side of the EF is SMILES. (photo courtesy of NASA)

Fig. 2. SMILES (right) on the EF Pallet. The pallet was launched via H-II
Transfer Vehicle (HTV) and carries to the EF. The left of SMILES is US
HREP. The photo was taken in May 2009.

ISS in 2008 and 2009. The Exposed Facility (EF), which is
a part of JEM, has an ability to accommodate 9 payloads
for the experiments utilizing exposed environment and for
observations of the Earth or the space. Currently 4 experiment
payloads are being operated in the EF. SMILES is one of the
EF payloads (Fig. 1). The orbit of the ISS is almost circular
with an inclination of 51.6◦ to the Equator, and is non-sun-
synchronous with a precession of one circle per about 71 days
or one rotation per 2 months against the sun. The altitude of
the ISS is 330 to 380 km above the surface.

The SMILES payload has a size of
0.8 m(W)×1.0 m(H)×1.8 m(D) (Fig. 2), weighs
approximately 480 kg, and consumes an electric power
of 320 to 600 W. Heat to be wasted from SMILES is not
radiated but removed by a fluid coolant, Fluorinert, supplied
by JEM.

The SMILES mission instrument consists of an antenna,
an antenna feed system, two SIS receivers for 624.25 –
626.39 GHz and 649.03 – 650.37 GHz, IF amplifier chains,

649.1-
650.3 GHz

624.3-
626.3 GHz

637.32 GHz

11.8-13 GHz

11.8-13 GHz

11-12.2 GHz

1.55-2.75 GHz

1.55-2.75 GHz

D/C

D/C

D/C

SW
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SSB Filter

4 K  Cryocooler Spectrometers
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SW

Main Reflector
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Amb. Temp. Optics
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40 cm x 20 cm

Star Tracker

Data Proc. and Cont. Sys.

Fig. 3. Block diagram of SMILES

two acousto-optical spectrometers, and other components such
as the attitude detection system. In addition to the mission
instrument, the SMILES system includes a data processing
and control system, an electric system, a thermal control
system, and interfaces to JEM. Fig. 3 shows block diagram
of SMILES.

An offset Cassegrain antenna with an elliptical aperture
of 400 mm × 200 mm is employed to resolve the tangent
atmosphere with a vertical resolution of about 3 km. The
antenna is mechanically scanned by a stepping actuater in
the direction of elevation. The scanning is started at the
elevation angle where the equivalent geometric tangent height
of the line-of-sight is about -10 km, and moved upward in an
angular rate of 0.1125 deg/s for 30 s. At the end of each
30-s scanning the antenna is pointed at the tangent height
of 100 km typically. Then antenna is quickly moved to the
tangent height of about 200 km in 2.5 s for the purpose of cold
calibration. In addition, frequency calibration, hot calibration,
and antenna rewinding are sequenced in a scan cycle. The
total antenna scan cycle completes in 53 s. The hot-load
calibration system consists of the calibration hot load (CHL)
and a mechanical switch mirror between the tertiary and the
fourth mirrors in the antenna feed system. The CHL, which
is a three dimensional Eccosorb CR-110 based absorber and
specially prepared for SMILES, shows a return loss far less
than -60dB. The details of the antenna feed system, which
consists of an antenna beam transmission system (TRN), an
ambient temperature optics (AOPT), and a cryogenic optics,
are described elsewhere [5][6].

The SMILES SIS mixer employs PCTJ-type Nb/AlOx/Nb
junctions in a waveguide-mount following a corrugated horn
[7]. SMILES has a single submillimeter local oscillator at
637.32 GHz. The two sidebands of the atmospheric signal are
separated in the quasi-optics circuit using a pair of frequency-
selective polarizers (FSPs) [8], and are fed to two SIS mixers
respectively. The SIS mixers are cooled down to 4.3 K by
a Helium JT-cycle cooler precooled by a two-stage Stirling-
cycle cooler. HEMT amplifiers operating in a frequency band
of 11 to 13 GHz are installed on both stages of the Stirling
cooler. The temperatures of those two stages are about 16 K
and 75 K, The cooling capacity of the JT cooler is 20 mW
at 4.5 K. The cooling system consumes an electric power of
120 to 304 W, which is supplied with 120 V DC by JEM.
The weight is about 82 kg (cryostat 24 kg, compressors and
circuits 33 kg, electronics 25 kg). Designed lifetime of the
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Fig. 4. Ground measured SSB system noise temperature of the SMILES
receivers. The system noise temperature is converted into one with an image
termination (Cold Sky Terminator (CST) in Fig. 3) of almost 0 K, while the
corrections of the atmospheric attenuation and the receiver gain compression
are not applied.

cooler is one year.
The SMILES backend is two acousto-optical spectrometers

(AOSs). Each AOS has a bandwidth of about 1.3 GHz. The
frequency resolution is typically 1.4 MHz. The CCD images
of 1728 pixels are integrated every 0.5 s. The SMILES mission
data file (or Level 0), which is processed every 53 s by the data
processing and controlling section of SMILES, contains two
AOS data for 46-s measurements (the data during rewinding
the antenna are discarded). The size of the mission data file is
659 kB, so that the averaged data transfer rate from SMILES
is about 100 kbps.

The SMILES was launched aboard the HTV Demonstration
Flight via the Test Flight of the H-IIB launch vehicle on 11th
September 2009. After the HTV arrived on the ISS, SMILES
was attached to the EF of JEM on 25th September 2009 (JST).
The atmospheric observation in a normal operation sequence
started in the middle of October 2009.

III. MAJOR RESULTS OF GROUND TESTS

The performance of the SMILES flight model was measured
in the ground tests. The ground tests include measurements
of the antenna beam pattern, the receiver noise temperature,
the receiver stability, the sideband separation ratio, the gain
linearity, and the frequency response of the spectrometers.

The results of the antenna beam pattern measurements
by a near-field phase retrieval method show that the 3-dB
beamwidths of the far-field pattern of the SMILES antenna are
estimated to be 0.893◦ and 0.173◦ in elevation and azimuth
respectively, and no remarkable unwanted sidelobe peaks are
observed [5].

The system noise temperature of the SMILES receiver was
measured using an ambient temperature absorber and a large
liquid-nitrogen bath in front of the main reflector and another
ambient and liquid-nitrogen temperature absorbers in the beam
from the Cold-Sky Terminator (CST). The measured system
noise temperature is translated into the estimated system noise
temperature assuming the incoming emission from the CST to
be 2.7 K. The result is shown in Fig. 4. The corrections of
the atmospheric attenuation and the receiver gain compression
are not applied in the result of Fig. 4. The system noise
temperature is found to satisfy the initially targeted value of
500 K.

The receiver stability was measured during the thermal-
vacuum tests of the SMILES system. Because the calibration
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Fig. 6. Definition of the nonlinearity. Curve T (red line) is a measured
input-output relationship of the receiver. Line C shows slope of the hot-cold
calibration. Line S shows is the tangent of Curve T at infinitesimal input.
nonlinearity is the difference of slopes between S and C.

cycle of SMILES is 53 s the stability about the time scale
of less than 1 min is important. The power spectrum density
(PSD) of the SMILES AOS output was measured during the
low-temperature soak test of the thermal-vacuum tests of the
SMILES system. An example of the results is shown in Fig. 5.
The result shows that the receiver output fluctuation in the
shorter time interval than about 15 s is consistent with the
radiometric noise of a noise-equivalent bandwidth of 2.5 MHz,
and that the random drift (1/f noise) in the longer time
interval than about 15 s exceeds the radiometric noise. In
Fig. 5 the PSDs for the signals of wider bandwidths are also
shown. With the rather slow data sampling interval of 0.5 s,
which was restricted by available data transmission rate for
EF payloads, the noise in continuum emission level cannot be
reduced by expanding the bandwidth beyond the noise level
at a bandwidth of 100 MHz.

The sideband separation ratio was measured in the tests of
ambient temperature optics (AOPT) and submillimeter receiver
assembly. The rejection ratio of image band is confirmed to
be less than -20dB.

The gain linearity of the receiver system was measured with
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Fig. 8. SSB system noise temperature of the SMILES receivers in orbit. The
examples of the system noise temperature shown in this figure were measured
on 12th October 2009, when the 4-K stage temperature was at about 4.33 K.

the fully assembled SMILES flight model. The perturbation
method using a quasi-optical network described in [9] is
applied to measure the linearity. A quasi-optical network is
prepared on the beam from CST. The linearity measured with
our setup is that of the image band signal. We believe there
is no large difference between linearity responses in USB and
LSB in our mixer. nonlinearity is defined as the difference
of slopes between line S and line C in Fig. 6. The measured
nonlinearity is shown in Fig. 7. The figure shows that the
nonlinearity is a linear function of the output signal level. This
suggests the nonlinearity of the receiver can be corrected in
the data processing chain properly.

IV. INSTRUMENTAL PERFORMANCE IN ORBIT

The initial checkout phase lasted for 6 weeks. We found
there was no serious problem on the SMILES hardware in
orbit. Each component was confirmed that it satisfied the
specifications during the former half of the initial checkout. In
the latter half SMILES has almost been shifted into the normal
observation mode. In this section we discuss the system noise
temperature, the gain stability, and the gain linearity of in-
orbit SMILES, and comparisons between the ground tests and
in-orbit measurements of those performances.

The system noise temperature of the SMILES receivers is
being measured every 53 s in the normal calibration sequence.
An example of the system noise temperature is shown in
Fig. 8. The system noise temperature has varied up and down
with an amplitude of about 10%p−p in 6 months since October
2009. The system noise temperature is strongly depends on the
temperature of the 4-K stage, that is the temperature of the
SIS mixer. Fig. 9 shows the relationship between the system
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are well correlated to the 4-K stage temperature.

noise temperature and the temperature of the 4-K stage. The
system noise temperature of Band A and Band B are well
correlated to the 4-K stage temperature with an approximate
slope of 125 K/K. The relationship between the system noise
temperature of Band C and the 4-K stage temperature are not
aligned on a single line. Three different states can be seen in
the plots of Band C in Fig. 9. In each state the relationship can
be expressed by a line with a slope of 150 K/K. Operational
parameters have ever been changed twice which correspond
to those differences between groups. One of them is change
of the AOS heater control from on to off. This disabling of
the heater caused the gain increment of the amplifier in the
AOS. It is possible that the apparent system noise temperature
was increased by a deterioration in the nonlinearity due to the
gain increment. Another change was the operation voltage of
the Stirling compressor. The change of the relation between
the 4-K stage temperature and Stirling stages temperatures
(16 K and 75 K) affects the system noise temperature. The
same changes are also observed in the system temperature of
Band A and Band B. These bands, however, suffered relatively
small effects because the nonlinearity are relatively small as
is compared with Band C as shown in Fig. 7.

Fig. 8 can be compared with Fig. 4. The in-orbit system
noise temperatures are found to be less than those measured
in the ground measurements shown in Fig. 4 by 100 –170 K
and 100 –110 K for Band A and Band C, respectively. The
main reason of these difference is the atmospheric attenuation
of submillimeter waves in the ground measurements of the
system noise temperature. The results shown in Fig. 5 are
not corrected for the atmospheric attenuation. By taking the
atmospheric attenuation into account, the ground system noise
temperature should be reduced by 120 K and 50 K in Band A
and Band C, respectively. The wing of the water vapor line at
620 GHz makes the attenuation in Band A much larger than in
Band C. The second reason of the difference is the nonlinear-
ity. While the cold temperature for the Y -factor measurement
is almost 0 K in in-orbit, the liquid nitrogen was used as a
cold load in the ground measurement. This makes signal the
signal level different so that the system noise temperatures
in the ground and in-orbit may, we estimate, differ by 4 –
31 K. The third reason is the 4-K stage temperature. Due
to the difference of the 4-K stage temperature between the
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during SMILES sees the cold space without atmospheric observation.

two measurements the system noise temperature in the in-
orbit measurement should be 4 K higher than the ground
measurement. There may be other unknown effects such as
the reflection on the surface of the liquid nitrogen. From those
reasons the system noise temperatures measured on the ground
and in orbit are almost consistent.

The gain stability was measured in orbit as it was measured
in the thermal vacuum tests on the ground. The results is
shown in Fig. 10. In the measurement of Fig. 10 SMILES
sees the space while in the measurements of Fig. 5 both of
the main beam and the CST beam see the ambient temperature
terminations. It must be cautioned that the stability shown in
Fig. 5 is the sum of DSB receiver and the emissions from the
two ambient temperature black bodies. Because the emission
from the black body is very stable, the drift noise (1/f part)
in Fig. 5 should be multiplied by 4 or 5 when comparing
with the in-orbit measurements. Considering this correction
the stability is not changed before and after the launch.

The gain linearity itself cannot be measured in orbit. The
system noise temperature consistency described previously
gives us some suggestion for estimating the gain linearity
in orbit. The gain linearity is not currently corrected in the
SMILES data processing. The correction will be applied in
the next version of the SMILES Level 1 data.

V. OBSERVED ATMOSPHERIC SPECTRA

SMILES is continuously operated since the middle of Oc-
tober as long as the operation is allowed. Nominally SMILES
scans the atmosphere every 53 s and makes about 1600 vertical
scans per day. Fig. 11 shows a example of observed spectra.
Because SMILES has two AOS units, only two bands are
observed in one scan. The remarkable thing of the SMILES
spectra is not only that the random error is sufficiently low but
that we never observe any ripples or undulations larger than
the noise level in the spectra. When the spectra are integrated,
a gentle undulation of less than 0.5 K will be found in the
frames in the beginning of the scan. Because the calibration
frames are located in the end of the scan, the effect of small
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gain instability accompanied gain nonlinearity would appear
in those frames. This small undulation is enough lower than
the specification.

To retrieve the height profiles of atmospheric compositions
the tangent height knowledge of the observed spectra is
essentially important. The tangent heights imposed in Fig. 11
are approximations. The random error of the tangent height
knowledge should be less than 350 m, ie. 0.01 deg. in the
elevation angle. The attitude of SMILES is measured by a star
tracker. One of three axes of the star tracker output has poor
precision comparing with other axes. Because the direction of
the star tracker bore sight was not optimized we must use
partly the poor axis to derive the tangent height from the
attitude. Fig. 12 shows an example of the difference of the
SMILES attitude measured by SMILES star tracker against
the ISS attitude. The roll attitude is poorer than others. From
other axes we know SMILES, or probably JEM, vibrates
slowly against the ISS. The JEM vibration is synchronized
with the orbital motion and irregularly perturbed with a small
amplitude. The smoothing of the roll axis attitude is necessary
to get a better tangent height knowledge.

VI. SMILES PRODUCTS

The observed data at about 1600 locations of 2 AOS bands
are processed every day. SMILES products include Level 1B,
Level 2, and Level 3 data. Level 2 data and partially Level 1B
data are now internally distributed to the researchers whose
theme was adopted by JAXA as a proposal to the SMILES
research announcement. Level 3 is in preparation. Those data
is scheduled to be open to the public from one year after the
launch.

Level 1B data is the calibrated limb emission spectra with
ancillary data, such as frequencies, system noise temperature,
locations of tangent points, time. Level 2 data is the retrieved
height profiles of radicals and molecules at each observed
location [10]. The nonlinearity correction and the attitude
correction discussed in this paper will be reflected in the future
version of Level 1B.

VII. CONCLUSIONS

SMILES works very healthy since the launch and installa-
tion on the ISS in September 2009. SMILES produces steadily
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atmospheric limb-emission observation spectra which are with
sufficiently low noise and almost free from standing waves.
The system noise temperature and the gain stability of the
SMILES receiver show consistent results between in-orbit and
the pre-launch tests. Although the effect of the receiver gain
nonlinearity is rather complicated under several operational
conditions, we are preparing to make a correction in the
future Level 1B products as well as a correction in the star
tracker attitude data. Quality of SMILES data almost meets
the specification, and is being improved furthermore.
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Abstract 

A strong interest is emerging for satellite observations of clouds and rain at millimetre and sub-millimetre wavelengths. 
The motivations are twofold:  Firstly, there is a lack of information on the characteristics of ice clouds. On average, 
approximately 20% of the globe is covered by high clouds, with substantial impact on the global radiative budget depending 
on the optical properties of the ice particles. No existing satellite instrument is capable of observing the large variety of ice 
cloud properties. The visible and thermal domains are essentially sensitive to the thin cirrus (particles with sizes below 
~50µm diameter) whereas the available microwave measurements below 190 GHz are limited to the observations of large 
ice particles (larger than ~200 µm) present in deep convective clouds. Millimetre and sub-millimetre observations could fill 
the gap and provide information on the intermediate ice cloud types and crystal habits.  Secondly, there is a need for 
observations for now-casting of extreme weather events. Microwave measurements show a more direct relation with 
precipitation than visible and infrared observations. However, so far passive microwave instruments are only available on 
low orbit satellites and the temporal sampling of the same area is limited, even in the case of a satellite constellation (with 
eight over-flights per day in the case of the Global Precipitation Measurement from a constellation of satellites). 
Geostationary satellites offer the possibility of quasi-continuous coverage of large portions of the Earth. The main difficulty 
is to obtain adequate spatial resolutions from a geostationary orbit, with an antenna of a reasonable size. One solution is thus 
to observe at higher frequencies than currently measured today from operational satellites i.e. the sub-millimetre wave range. 

Two projects have been submitted to ESA in recent years as Next Earth Explorer core missions: (a) The Cloud Ice Water 
Sub-millimeter Imaging Radiometer (CIWSIR), which is dedicated to the observations and characterization of ice clouds 
from a polar orbit, focusing on climate studies and (b) The Geostationary Observatory for Microwave Atmospheric 
Sounding (GOMAS), the key objective of which is the estimation of precipitation with a high temporal sampling, for now-
casting. Although neither of these missions has yet been selected, several technical and scientific preparatory activities are 
underway in Europe to allow these mission concepts to mature.  

This paper reports on one of these preparatory activities; the design of a sub-millimetre wave airborne demonstrator for 
both ice cloud and precipitation observations which will be able to prove the feasibility of the scientific principles of both the 
CIWSIR and GOMAS missions.  The paper will describe a demonstrator design based upon the new Met Office 
International Sub Millimetre-wave Airborne Radiometer (ISMAR) which is now under development with a first test flight 
scheduled for November 2010. 

 

ISMAR: Towards a Sub Millimetre-Wave 
Airborne Demonstrator for the Observation of 

Precipitation and Ice Clouds  
Brian Moyna*, Clare Lee†, Janet Charlton§, Ian Rule†, Robert King†, Matthew Oldfield* and 

Ville Kangas‡. 
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Abstract— ATOMMS represents a new class of active, airborne, 
limb-viewing spectrometer that is a cross between Global 
Positioning System (GPS) occultations and NASA’s Microwave 
Limb Sounder.  ATOMMS will characterize atmospheric water 
vapour and ozone by actively probing the absorption lines at 
22.2 GHz, 183.3 GHz and 195 GHz, respectively.  Two 
instrument packages are being constructed for NASA’s WB-57F 
high altitude research aircraft, now equipped with precise 
WAVES gimballed pointing systems. One aircraft will generate 
multiple tones near the 22 GHz water line and 183 GHz to 204 
GHz absorption lines and transmit them across the Earth’s limb 
through the atmosphere to receivers on a second aircraft. Flight 
paths of the two aircraft begin over the horizon, with the two 
aircraft flying at 65 kft altitude. This creates a rising occultation 
geometry as the aircrafts fly towards each other. ATOMMS 
provides the sensitivity, vertical spatial resolution and accuracy 
needed to satisfy key monitoring needs for temperature, 
pressure, moisture and ozone.  The 100 to 200 m ATOMMS 
vertical resolution will far surpass the 1 to 4 km vertical 
resolution of present state-of-the-art satellite radiometers 
opening a window into atmospheric scales previously 
inaccessible from space.  Predicted precisions of individual 
ATOMMS temperature, pressure and moisture profiles are 
unprecedented at ~0.4 K, 0.1% and 1-3% respectively, 
extending from near the surface to the flight altitude of ~20 km.  
ATOMMS ozone profiles precise to 1-3% will extend from the 
upper troposphere well into the mesosphere.  Other trace 
constituents such as water isotopes can be measured with 
performance similar to that of ozone. The ATOMMS 
experiment is a pathfinder experiment for eventual 
implementation on a constellation of satellites. Space 
observations from multiple satellites in precessing orbits will 
allow for global spatial coverage and increased altitude 
coverage. Our long term goal is a constellation of approximately 
a dozen small spacecraft making ATOMMS measurements that 
will provide dense, global coverage and complete cloud-
penetration and diurnal sampling every orbit.  
 
The ATOMMS instruments have been completed and are now 
undergoing extensive laboratory and ground testing. We report 
on the laboratory testing results including the differential 
amplitude and phase stability of the instrument and systems 
integration testing. We will also report on ground testing 
experiments, where the ATOMMS instruments, located on two 
building tops, were used to measure atmospheric water vapour 

content. Comparison measurements were made using in-situ 
hygrometers. Further ground-based tests are planned to 
exercise the full ATOMMS system, including the GPS-based 
positioning and time correction system, accelerometer system 
and dual-one-way phase correction system. We will also discuss 
planned instrument upgrades to be implemented in preparation 
for air-to-ground and air-to-air flights on the WB-57F aircraft.  

INTRODUCTION 
For more than ten years, our group has been developing an 

atmospheric remote sensing system called the Active 
Temperature, Ozone and Moisture Microwave Spectrometer 
(ATOMMS). ATOMMS combines the best features of the 
GPS radio occultation (RO) [1], [2] and the Microwave Limb 
Sounder (MLS) [3] techniques by actively probing via radio 
occultation the 22 GHz and 183 GHz water vapour lines; the 
latter observe via passive emission by the MLS, and the 
Ozone emission line near 195 GHz. Our analysis shows that 
ATOMMS will profile tropospheric and middle atmosphere 
water vapour and middle atmosphere ozone to 1-5%, 
temperature to 0.5K, and geopotential heights to 10-20 m, all 
with ~200 m vertical resolution, in both clear and cloudy air. 
This unprecedented performance will improve significantly 
with averaging. Because the occultation signal source is 
observed immediately before or after each occultation, 
ATOMMS is self-calibrating, which eliminates long-term 
drift. These capabilities will fulfil crucial needs for climate 
change monitoring, research and policymaking. 

ATOMMS OVERVIEW 
ATOMMS limb-viewing occultation system, promising 

unprecedented performance, will likely become  a key 
observing system in the Global Climate Observing System 
(GCOS). We have nearly completed a pair of ATOMMS 
instrument for the WB-57F high altitude aircraft to aircraft 
demonstration of its performance. 

The ATOMMS instrumental configuration is depicted in 
Fig. 1. The ATOMMS system consists of 5 elements: 
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1. The ATOMMS microwave instruments with 13 
GHz, 22 GHz and 183 GHz transmitters and 
receivers, 

2. ATOMMS precise positioning system which is a 
combination of hardware consisting of a GPS 
receiver and a 3 axis precision accelerometer on 
each aircraft combined with precise positioning 
system software from JPL, 

3. The two WB57F aircraft, 
4. The WAVE gimbal built by SRI for NASA that 

points the ATOMMS microwave instrument and 
5. The ATOMMS retrieval software system under 

development at the University of Arizona. 
 
During an occultation, each ATOMMS microwave 

transmitter radiates several monochromatic signal tones that 
pass through the atmosphere to the receiver on the opposite 
side of the atmosphere which digitizes and records the 
signals. We have designed the ATOMMS transmitters and 
receivers to simultaneously sample water vapor at both the 
22 and 183 GHz lines to create the dynamic range needed to 
profile water vapor from the surface into the mesosphere as 
well as measure ozone at 195 GHz in the upper troposphere 
and middle atmosphere. The ATOMMS signal processing 
system later derives the phase and amplitude of the signals 
and combines them with the precise knowledge of the 
transmitter and receiver positions (from the ATOMMS 
precise positioning subsystem) and physical constrains such 
as the hydrostatic equation to derive profiles of atmospheric 
moisture, ozone, temperature and pressure. 

Figure 1: Block diagram of the ATOMMS A aircraft. With the exception of 
the 22 & 183 GHz transmitter and receiver pairs, ATOMMS B is identical. 

Accuracy and Vertical Resolution of Temperature and Water 
Vapour Profiles 

ATOMMS unique observations & parameter retrievals are 
very well suited for monitoring climate change and will 
provide a new window into the atmosphere strongly 
constraining thermodynamic & dynamic processes needed to 
assess and improve the realism of climate models. The 
unprecedented combination of performance includes 

• High precision profiles of temperature to 0.4 K, 
water vapor to 1-10% and geopotential height to 
~10-20 m extending through the free troposphere to 
the mesopause and ozone to 1-10% through the 
middle atmosphere, whose accuracy should be 

better by an order of magnitude or more when many 
profiles are averaged. 

• ~200 m vertical resolution, as demonstrated by GPS 
occultation missions, that exceeds the vertical 
resolution of passive systems (e.g., AIRS, IASI, 
AMSU and MLS) by approximately an order of 
magnitude or more, 

• Self calibration because ATOMMS measures 
differential absorption and the signal sources are 
measured immediately before or after each 
occultation which eliminates drift and should 
provide absolute accuracy, 

• Retrievals in both clear and cloudy conditions with 
performance in clouds expected to be within a factor 
of 2 of clear sky performance, thus eliminating clear 
sky biases that plague other remote sensing systems. 

• Full sampling of the diurnal cycle every orbit with a 
satellite constellation like the COSMIC GPS RO 
mission, 

• Refinement of the spectroscopy from orbit [4], 
• ATOMMS ability to estimate the climate state 

independent of atmospheric models, an achievement 
that is simply not possible with passive radiometric 
sensors (e.g. [5]), and yet is fundamental to both 
determining the true climate state and quantifying 
climate and weather model performance and 
realism. 

A more complete description of ATOMMS and its 
improvements on the state of the art can be found in [6]. 

 
ATOMMS provides the combined vertical resolution and 

precision critical to resolving the 1.5 km scale height of 
water vapor and fundamental vertical structure such as 
ubiquitous layering in the troposphere with vertical scales of 
a few hundred meters [7]. Only RO can globally determine 
temperature and lapse rates at the sharp vertical scales at 
which they vary and can do so in both clear and cloudy 
conditions. While accurate GPS-RO temperatures are limited 
to the upper troposphere (by moisture) through the mid-
stratosphere (by the ionosphere), ATOMMS will accurately 
determine temperature and vertical stability from the free 
troposphere through the mesosphere. Another key point is 
that GPS-RO measures temperature or water vapor, not both. 
GPS-RO has shown some of the potential for RO 
observations to measure water vapor in the warmer regions 
of the lower and middle troposphere with accuracies of 0.2 – 
0.5 g/kg [8]. ATOMMS will extend this dynamic range by 
orders of magnitude to precisely profile water vapor over 
mixing ratios ranging from several percent in the lower 
troposphere to a few ppm at the mesopause while 
simultaneously profiling temperature to sub-Kelvin precision 
over the same altitude interval. With averaging, we anticipate 
the absolute accuracies will be better by an order of 
magnitude or more (depending on spectroscopy which we 
will refine with ATOMMS). 

Upper Troposphere / Lower Stratosphere Retrievals 
ATOMMS offers a means to significantly improve our 

ability to globally measure temperature, water vapor and 
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ozone behavior in the climatically critical upper troposphere 
and lower stratosphere (UTLS). Despite the crucial roles this 
region plays in determining how our climate will change in 
the future, its behavior has been and continues to be poorly 
observed, particularly on a global scale. To place ATOMMS 
in context, a basic conundrum for understanding and 
predicting climate change has been that our ability to 
measure water vapor and temperature in the upper 
troposphere (UT) under all sky conditions has been close to 
nil. The existing observational techniques all have very 
different types of uncertainties, errors and resolutions. When 
comparisons have been made, they have not agreed very 
well. This region is critical for climate because changes in 
temperature as well as changes in the water and ozone 
concentrations here will produce large changes in the 
outgoing long wave radiation that cools the Earth. UT 
temperature changes are also indicative of how realistic 
models are in transporting added heat from additional 
greenhouse gases from the surface up to the upper 
troposphere. There has been an issue for quite some time as 
to whether model simulations at the surface in relation to the 
free troposphere are realistic. For instance, a primary 
feedback is water vapor above 500 mb. It appears climate 
models have a tendency to produce more water vapor in the 
upper troposphere in response to increased greenhouse gas 
concentrations and surface warming than may be occurring in 
the real world. Unfortunately we really don’t know whether 
or not this is true because the water vapor and temperature 
observations in the upper troposphere are simply not good 
enough. 

Retrievals can be made in the presence of most clouds 
Earth is at least two-thirds cloud covered [9] such that data 

sets from remote sensing systems with limited ability to 
penetrate clouds such as IR probing systems like AIRS [10] 
& IASI [11] and even MLS will be incomplete and dry-
biased. This limits the ability to measure and understand 
processes that control climate and aid in weather prediction 
as well as detect and attribute the cause of climate change. 
GPS experiments have demonstrated the ability of radio 
occultations to make observations and retrievals in both clear 
and cloudy conditions (see for instance [12] and references 
therein). Coincident cloud observations and ATOMMS-
derived relative humidity in and around clouds will establish 
the relation between cloud properties and relative humidity at 
scales typically resolved by models. Other important issues 
include the frequency and amount of supersaturation and 
supercooled mixed phase clouds, all important but poorly 
observed and understood phenomena sorely waiting for new 
critical, globally distributed, observational constraints. One 
can see from these discussions that once deployed in orbit, 
ATOMMS will provide something approaching a global field 
campaign for studying convection at the scales of GCMs. 

ATOMMS DEVELOPMENT STATUS 

A. ATOMMS Microwave Instrument 
 

 

 
Figure 2: The ATOMMS 22 GHz transmitter (top) and receiver (bottom) 
subsystems. Two of the eight channels are shown in each block diagram for 
clarity. 

The ATOMMS microwave instrument has been designed 
to take advantage of off-the-shelf telecommunications 
technology whenever possible, particularly for the 22 GHz 
channel. The basic instrument design uses very similar 
circuits for all channels. Figure 2 shows the block diagram of 
the 22 GHz transmitter and receiver. The transmitter uses 
eight separate phase locked YIG oscillators to generate the 
tones. These tones are individually power-monitored before 
they are power combined. A single amplifier then amplifies 
these eight tones to a level of ~100 mW per tone. Since 
ATOMMS measurements are effected by differential 
amplitude noise, a common power amplifier is used for all 
tones to attenuate differential amplitude fluctuations. The 
receiver amplifies all eight received tones simultaneously for 
the same reason. The amplified signal is then power divided 
into eight channels. Bandpass filters in each channel isolate a 
single received tone. These tones are then mixed with LO 
signals generated by YIG phase locked oscillators fed with a 
reference from a DDS synthesizer. This synthesizer is used to 
offset the frequency of the LO, generating a ~ 40 kHz IF 
frequency. The low frequency IF is then low pass filtered and 
amplified with a low noise audio frequency amplifier. The IF 
is then fed into a National Instruments Compact RIO real-
time data acquisition system, where the time domain 
waveform is digitized and recorded. This data acquisition 
system has been shown to operate at ambient pressure in the 
WB-57F in previous experiments. The 13 GHz reference 
tone transmitter and receiver are identical to the 22 GHz 
system, but with a single transmitted and received tone rather 
than eight. 
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Figure 3: The ATOMMS 183 GHz transmitter (top) and receiver (bottom) 
system block diagrams.  

 
The 183 GHz subsystem is based on a two tone transmitter 

and subharmonically pumped Schottky mixer receiver front 
end from Virginia Diodes. The transmitters each provide 40 
mW of power from 180-203.5 GHz, and are power combined 
using a waveguide magic tee. Power monitoring diodes 
before the magic tee record the transmitted power level of 
each channel, for later removal of differential amplitude 
effects. After power combining, the transmitted power is ~20 
mW per tone. The subharmonically pumped Schottky 
receiver has a measured noise temperature of ~1100K, and is 
flat across the band. A low noise amplifier with a 1-12 GHz 
bandwidth relays the IF signal to a downconverter module. 
The receiver IF downconverter is identical in architecture to 
the 22 GHz receiver system with the exception that tunable 
synthesizers are used to generate the LO signals rather than 
fixed tuned oscillators. Block diagrams of the 183 GHz 
subsystem are shown in figure 3.  Figure 4 shows the 183 
GHz transmitter system mounted to the ATOMMS-A rear 
plate.  

The ATOMMS antenna system uses a pair of coaxially 
mounted feedhorns to illuminate a single 30 cm diameter 
high density polyethylene lens, anti-reflection grooved for 
operation at 183 GHz. [13]. 

A detailed link budget simulated the performance of the 
instrument using realistic antenna parameters and estimated 
losses. This link budget was used to specify all the 
components of the ATOMMS transmitter and receiver 
systems. Transmitter and receiver pairs are mounted in 
opposite aircraft, with each aircraft containing a transmitter 
for one band and the receiver for the other band. This 
balances both the data acquisition and power needs for each 
instrument.  

 

 
Figure 4: The ATOMMS 183 GHz transmitter system and 22 GHz receiver 
feed. 

The ATOMMS instrument package mechanical aspects are 
as highly engineered as the electronics.  Past experience in 
flying complex research instruments in the WB-57F aircraft 
have shown that a fairly sophisticated minimum level of 
integration of structure, power, thermal, vibration, low 
pressure and various other design factors are required to 
build a successful instrument. The ATOMMS instrument 
design, shown in figure 5, was engineered down to the level 
of fasteners, connectors and wiring using 3D Computer 
Aided Drafting (CAD) software before any manufacturing. 
Figure 6 shows the ATOMMS-A instrument, completely 
assembled and awaiting system testing.  
 

 
  

Figure 5: A 3D CAD model of one of the ATOMMS instruments in the SRI 
WAVE gimbal. The ATOMMS instrument was completely built in CAD 
before any fabrication took place. 

Data acquisition duties are handled by National 
Instruments Compact RIO systems. These small chassis can 
be loaded with up to eight multifunction interface modules to 

183 GHz
22 GHz Rx 
Feed

189



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

handle science signal and housekeeping digitization, digital 
I/O and accelerometers readout. Each Compact RIO system 
communicates with a PC over two dedicated Ethernet cables. 
These PCs are mounted in a partially pressurized part of each 
aircraft, just behind the moving portion of the gimbal. Each 
PC is equipped with large capacity solid state hard drives, 
and runs Labview Realtime OS. These computers receive the 
data collected by the Compact RIO system mounted directly 
on the ATOMMS instruments and record the data to disk. 
They also are responsible for collecting the GPS observables 
from the JPL provided GPS receiver used as part of the 
Precise Positioning System.  

 

 
Figure 6: The fully assembled ATOMMS A instrument. Visible components 
are labeled. The 183 GHz Tx and 22 GHz Rx modules are not visible. 

B. Precise Positioning System 
The ATOMMS system will profile atmospheric 

temperature, humidity and pressure. Air temperature and 
barometric pressure, in a dry atmosphere, are derived from a 
profile of refractivity that is derived from a profile of bending 
angle derived in turn from a profile of Doppler shift versus 
time (see for instance [14]). The determination of the 
atmospheric absolute humidity profile requires the analysis 
of the vertical profile of atmospheric water vapour [15], and 
this is the most important contribution of ATOMMS when 
compared to the GPS-RO technique that probes only the real 
part of the atmospheric index of refraction. 

In the aircraft to aircraft occultations, the atmospheric 
Doppler shift is much smaller than for the spacecraft 
occultation case because the aircraft move much slower 
(~200 m/sec) than the spacecraft (several km per second).  At 
the uppermost altitudes, just below the altitude of the aircraft, 
the atmospheric bending angle is quite small.  Therefore the 
atmospheric Doppler shift is quite small.  In order to 
precisely determine atmospheric temperature and pressure, 
the ATOMMS system must measure very small bending 
angles at high altitudes.  The system goal is to estimate the 
motion of the aircraft to an accuracy of 0.1 mm/sec.  

Over the course of the experiment design, we refined our 
understanding of the necessity of this goal and how to 
achieve this small error.  The ATOMMS Precise Positioning 
System consists of accelerometers and GPS receiver on each 

aircraft.  Positions can be estimated very accurately from the 
GPS receiver data about every 100 seconds.  In profiling the 
atmosphere via the ATOMMS occultations, we determined 
that we will use integration times of ~10 seconds or less. To 
achieve the high vertical resolution and performance over 
these short intervals, we determined that low-noise and very 
accurate accelerometers must be used.  Essentially the precise 
reconstruction of the time-varying aircraft positions and 
velocities will integrate the acceleration measured by the 
accelerometers to obtain the velocities of the two ends of the 
ATOMMS instrument.  The GPS receiver data will 
essentially be used to estimate the bias and scale factor of the 
accelerometers.  Extremely low-noise accelerometers 
(Endevco Model 86), developed for seismic research, were 
selected for the ATOMMS experiment after extensive 
analysis by the ATOMMS team at the University of Arizona 
and JPL. 

High performance GPS receivers have been selected that 
could satisfy the ATOMMS requirements that were also 
familiar to JPL.  The receivers already in the WB-57F 
aircraft were deemed insufficient to deliver the quality of 
phase data needed.  JPL suggested a high performance 
Ashtech receiver that they use for other applications.   

 

 
Figure 7: The WAVE system mounted on the nose of a WB-57F. ATOMMS 
will replace the optical telescope in this system. A microwave transparent 
radome will replace the front skin and optical window. 

C. NASA/Southern Research Institute (SRI) WAVE Gimbal 
Pointing System 

The ATOMMS experiment takes advantage of NASA’s 
WB-57F Ascent Video Experiment (WAVE) system, 
designed to optically image the space shuttle during launch. 
This system is a complete replacement nose for the WB-57F, 
containing a 2-axis gimbaled pointing system capable of 0.25 
degree pointing accuracy (see figure 7). The system also 
contains an optical telescope with a high definition video 
camera and recorder. The ATOMMS microwave sensors 
replace this optical imaging package, but still use the 
replacement nose and gimbal. The optical window will be 
replaced with a microwave-transparent radome manufactured 
by Nurad corporation. 
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ATOMMS does present several challenges for pointing 
and integration with the WAVE system. The ATOMMS 
instrument must be adequately balanced, and within weight 
limits for the gimbal. More importantly, ATOMMS is not an 
imaging detector, so pointing cannot be done with image 
recognition. In addition, the atmospheric attenuation effects 
we wish to measure will not allow pointing based on 
feedback from the microwave signal strength. Any 
atmospheric fluctuations would be interpreted as a pointing 
error, and would cause the pointing loop to become unstable. 
We have therefore developed, jointly with Southern Research 
Institute (SRI) a pointing system based on GPS coordinates. 
As a development effort with NASA, SRI has already proven 
the capability to point and track a known GPS coordinate to 
far better than 0.25 degree accuracy in level flight. This 
accuracy has been demonstrated by SRI on several WB-57 
test flights with the WAVE optical sensor. Using an optical 
camera co-mounted with the ATOMMS instrument, we can 
calibrate this GPS pointing system using SRI’s existing 
algorithm to allow ATOMMS to also point to within 0.25 
degrees of a known GPS coordinate. The ATOMMS 
microwave beam will be measured in the lab relative to the 
center of this optical camera to compensate for any fixed 
pointing offset.  

The next challenge was to predict the GPS coordinate for 
each aircraft, and provide that information to the other 
aircraft to allow them to point at each other. This will be 
done with a combination of a pre-computed flight plan based 
on GPS waypoints and times, and pseudo-real time updates 
of position provided by an Iridium phone data link between 
aircraft. Because of the slow speed and unreliability of the 
Iridium link, the primary location information will be the 
flight plan, which the pilots will attempt to fly as accurately 
as possible. Meeting the waypoint locations accurately is not 
a large challenge for the pilots, but timing arrival at those 
waypoints is a significant challenge. Therefore, the Iridium 
link will be used to provide time shifts along the flight path 
rather than for full position and time information. The code 
for this implementation has been written by SRI and is now 
undergoing testing.  
 

D. ATOMMS Retrieval System 

Retrieval Software 

 

 
Figure 8. Standard deviation of simulated errors of H2O vapor (black) and 
O3 (red) from satellite (solid) and aircraft occultations (dashed).  top: arctic 
winter conditions. bottom: tropical conditions. 

Prior to this project, we developed simulations to 
investigate the accuracy of retrievals for an ATOMMS-type 
instrument in a satellite-to-satellite geometry.  We have been 
adapting this code to perform retrievals in the MRI aircraft to 
aircraft geometry.  We have used this code to understand 
how instrumental parameters, such as SNR and antenna gain 
pattern, will affect retrieval accuracy.  We have also 
developed an improved method to deal with liquid water 
clouds distributed inhomogeneously along the occultation 
signal path.  We developed a two relaxation dielectric model 
of liquid water for simulating ATOMMS retrievals when 
liquid clouds are present [16].  

ATOMMS will retrieve the atmospheric profile of index 
of refraction using the method proven to work for GPS 
occultations, modified for the aircraft geometry. JPL has 
agreed to provide the JPL GPS occultation processing 
software to the UA that we will modify for the ATOMMS 
processing. Simulated errors based on this retrieval technique 
for water and ozone are shown in figure 8.  

Atmospheric Turbulence 
Amplitude scintillations (“twinkling of a star”) are an 

unwanted source of amplitude variation that reduces the 
accuracy of how well we can isolate the absorption on the 
ATOMMS signals.  To better understand this error, Angel 
Otarola’s recently defended dissertation research [17] 
focused on atmospheric turbulence and its impact on the 
ATOMMS observations.  We have coupled this effort to the 
retrieval system development to understand the impact these 
variations will have on the accuracy of the ATOMMS 
retrievals. 

We have developed a relation between the scintillations 
due to the real part of the wet refractivity variations that 
allows us to estimate the magnitude of the scintillations due 
to water vapor knowing the average of the wet-component of 
atmospheric air refractivity [17]. Using high resolution 
radiosonde data, we have developed an understanding of the 
spectrum of turbulent variations in the vertical coordinate in 
particular the spectral transition from homogeneous 
turbulence at smaller scales to a different spectral 
dependence of turbulence at larger scales.   
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Prior to this work, the impact of turbulent variations in the 
imaginary component of refractivity has thus far been 
ignored by the radio occultation community.  We are 
working towards generalizing the equations that describe the 
impact of turbulence variations in the real part of the index of 
refraction to include the contributions of the imaginary 
variations.  This work is important because we now realize 
that the simple two tone amplitude ratioing method described 
by [4] will not work as well for the imaginary contributions.  
The two tone method cancels the real contributions well 
because of their weak frequency dependence, but does not 
perfectly cancel the contributions due to the imaginary 
component. Based on this new understanding, we feel that it 
is essential that we simultaneously measure more than two 
tones at our high band frequencies (180 – 203 GHz) to 
diagnose and minimize the effects of turbulence on our 
retrievals. 

 
Figure 9: View of the Gould Simpson building from AME building.  
ATOMMS transmitter is shown in right side of the figure on the AME roof.  
The insert in the lower left shows the ATOMMS receiver on the 11th floor 
roof of Gould Simpson. 

ATOMMS GROUND TESTING 
ATOMMS has been undergoing ground testing 

experiments at 183 GHz for several months. The ATOMMS 
data is clearly tracking the water vapour variations observed 
by the rooftop hygrometer of the University of Arizona 
Department of Atmospheric Sciences.  

A. Introduction 
ATOMMS is a differential absorption measurement 

system that will profile water vapour, temperature, pressure 
and ozone from orbit.  The water vapour content is derived 
from the frequency dependence of the absorption and 
knowledge of the spectroscopy.  
 

 
Figure 10: ATOMMS receiver on Gould-Simpson looking back at the 
transmitter on AME located in the white circle.  Photograph taken on the 
morning of March 12, 2010. The cement beam above the ATOMMS receiver 
is in front of and above the ATOMMS receiver and is part of  a façade that 
encircles the entire building.. 

Presently we are testing the “high band” portion of the 
ATOMMS instrument prototype that probes the 183 GHz 
water line.  In these tests, signals are transmitted from the 8th 
floor rooftop of the Aeronautics and Mechanical Engineering 
(AME) building along an 820 m path to the 11th floor rooftop 
of the Gould-Simpson (GS) building on the University of 
Arizona campus.  The view from the AME building of the 
transmitter looking toward the receiver on the Gould-
Simpson building is shown in figure 9.  The view from the 
receiver to the transmitter is also shown in figure 10.  The 
map of the geometry is shown in figure 11. 

B. Phase stability testing 
Measurements of the 13 GHz transceiver systems set the 

phase noise floor for the ATOMMS instrument. The 
bidirectional 13 GHz system is used for the dual-one-way 
phase correction system, allowing the data from each aircraft 
to be phase locked after the fact. Since ATOMMS IF data is 
recorded as a time series with Nyquist sampling, timing 
errors between the two aircraft can be corrected after flight. 
The data from the 13 GHz system is the reference for this 
process. Figure 13 shows the Allan variance of the phase for 
the 13 GHz system. With integration times of 0.5s or longer, 
the phase noise introduced by the 13 GHz electronics is well 
below the 0.1mm/s velocity specification for ATOMMS. 
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Figure 11: Map of University of Arizona showing the ATOMMS rooftop 
geometry.  Path length is 820 m. 

 
Figure 12: Allen variance plot of ATOMMS phase noise converted to 
velocity error. The total phase error budget is shown by the dotted line. For 
integration times of less than 1s, the 13 GHz system is an order of magnitude 
below the phase error specification. 

C. ATOMMS Atmospheric Measurements 
The ATOMMS ground based testing described above has 

allowed us to estimate the water vapour content integrated 
along the 820m line of sight though fitting of the measured 
183 GHz absorption line profile. These data have then been 
compared to a fast capacitive hygrometer located near one of 
the ATOMMS instrument packages. These first results are 
shown in figure 14. Given an expected ~10% error in the 
water vapour content as measured with the hygrometer, the 
correlation between the two sets of data is encouraging.  

 

 
Figure 13: Water vapour data from March 13, 2010 on the University of 
Arizona campus.  Asterisks are water vapour derived from ATOMMS 
measurements.  The fine dots are 5 second partial pressure derived from the 
capacitive hygrometer on the roof of Physics and Atmospheric Sciences 
(PAS) building just east of the Gould-Simpson building (see map above). 

CONCLUSION 
ATOMMS offers a unique and unprecedented capability 

for measuring key atmospheric variables fundamental to 
climate independently from models and other climatological 
assumptions. The ATOMMS aircraft to aircraft occultations 
offer the best way to demonstrate and assess the ATOMMS 
concept and its performance without the very costly step of 
placing at least one if not both of the instruments in orbit. 
Assuming the aircraft demonstrations prove successful, they 
will pave the way for support from the larger science 
community for the ATOMMS concept and a 
NSF/NASA/NOAA spacecraft mission and a major new 
global research instrument for atmospheric science. Recent 
ground based testing shows ATOMMS is capable of 
measuring amplitudes and frequencies to the required 
accuracy, a crucial step in the evolution of this instrument. 
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Abstract— The TELIS instrument is a balloon-borne cryogenic 
three-channel heterodyne spectrometer for limb sounding of 
stratospheric trace gases. The instrument is flown on the 
MIPAS gondola together with the MIPAS-B Fourier-transform 
spectrometer of the Institute of Meteorology and Climate 
Research (IMK) of the Karlsruhe Institute of Technology (KIT). 
The MIPAS gondola is equipped with a precise GPS-aided 
inertial navigation system providing attitude and heading data 
of the gondola movements with 128 Hz that are also used as 
input for the TELIS pointing system.  TELIS was developed by 
a European consortium involving research institutions, 
universities and industrial partners. 
Thermal emission radiation is coupled in by a 26x13 cm dual 
offset Cassegrain telescope controlled to maintain constant 
tangent height during measurement. Radiometric calibration is 
achieved by a blackbody and deep space view. The radiation is 
divided into three channels by means of a polarizer and a 
dichroic. Within a special lightweight cryostat three complete 
heterodyne receivers are kept at liquid helium temperature: 
THZ channel, 1750-1890 GHz, hot electron bolometer mixer, 
DLR; SIR channel, 480-650 GHz, integrated receiver, SIS 
mixer, SRON (see poster ‘TELIS instrument performance 
analysis’); subMMW channel, 497-504 GHz, SIS mixer, RAL. A 
digital autocorrelator spectrometer with 4 GHz bandwidth and 
ca. 2 MHz resolution serves as backend shared among the 
channels. 
The first successful flight was in March 2009 and the second in 
January 2010, both launched from Esrange near Kiruna, 
Sweden. Calibrated spectra are so far only available as 
quicklook data. Sideband ratios have been characterized. The 
radiometric accuracy of the autocorrelator is under 
investigation (see poster ‘Characterisation of the TELIS 
autocorrelator spectrometer’). 
This paper will present the instrument as well as first results 
from the flight campaigns. 

I. INTRODUCTION 

In order to investigate stratospheric trace gas distributions 
associated with ozone destruction and climate change, TELIS 
(TErahertz and submillimetre LImb Sounder) has been 
developed, a new state-of-the-art balloon-borne three channel 
(500, 480-650, 1800 GHz for RAL, SRON and DLR 
respectively) cryogenic heterodyne spectrometer. The 
instrument applies state-of-the-art superconducting hetero-
dyne technology operated at 4K and is designed to be 

compact and lightweight, while providing broad spectral 
coverage within the submillimetre and far-infrared spectral 
range, high spectral resolution and long flight duration 
(~24 hours during a single flight campaign). The TELIS 
instrument is operated together with the MIPAS-B Fourier 
Transform spectrometer on the same balloon platform.  
MIPAS was developed by the Institute of Meteorology and 
Climate Research of the Karlsruhe Institute of Technology, 
Germany, and has completed 18 successful flights (see e.g. 
[1] and references cited therein). The combination of TELIS 
and MIPAS instruments covers all relevant atmospheric 
species: 

 
TELIS species (limb sounding: height range 10-40 km, 

altitude resolution 2 km) 
DLR: OH, HO2, HCl, NO, NO2, O3, H2O, O2 (pointing, 

temperature), HOCl, H2
18O, H2

17O, HDO 
RAL: BrO, ClO, O3, N2O 
SRON: ClO, BrO, O3, HCl, HOCl, H2O, HO2, NO, N2O, 

HNO3, CH3Cl, HCN, H2
18O, H2

17O, HDO, O2 (pointing, 
temperature) 
 

 MIPAS-B species (incomplete list) 
Ozone relevant: O3, NO, NO2, HNO3, HNO4, N2O5, ClO, 

ClOOCl, HOCl, ClONO2, BrONO2 
Water isotopologues: HDO, H2

16O, H2
17O, H2

18O 
Tracers: N2O, CH4, CO, SF6, CF4, CCl4, CFC-11, CFC-12, 

CFC-113, HCFC-22, CH3Cl 
Short-lived source gases: NH3, acetone, PAN, H2CO 
NMHCs: C2H6, C2H2 
Species involved in cloud physics: H2O, HNO3, NH3, 

OCS, ... 
Cirrus cloud parameters: extinction, volume, bulk 

composition, coarse size dist. 
 
The species marked in red are measured by TELIS alone 

and are thus complementary to the MIPAS observations. 
Several species can be used for cross validation. In case of 
the water isotopologues the DLR channels measures strong 
isolated lines which are suited for MIPAS/ENVISAT 
validation. 
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II. TELIS INSTRUMENT  OVERVIEW 

Fig. 1 shows the block diagram of the TELIS instrument. 
Three heterodyne receivers are installed inside the cryostat 
fabricated by RAL which is lightweight and has two optical 
benches (ca. 30 cm diameter), one below and one above the 
helium vessel. The 480-650 GHz channel developed by 
Netherlands Institute of Space Research (SRON) utilizes the 
Super-Integrated-Receiver (SIR) combining the Super-
conductor-Isolator-Superconductor (SIS) mixer and its quasi-
optical antenna, a superconducting phase-locked Flux Flow 
Oscillator (FFO) acting as LO and SIS Harmonic Mixer (HM 
for FFO phase locking [2],[3]). The 500 GHz channel 
developed by Rutherford Appleton Laboratory (RAL) is a 
highly compact heterodyne receiver. It uses a fixed tuned SIS 
mixer, with a junction provided by the Institut de 
Radioastronomie Millimetrique, France and a solid state LO 
[4]. The 1.8 THz channel [5] uses a solid state local oscillator 
and a hot electron bolometer as mixer. 
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Fig. 1  Block diagram representing the TELIS instrument 

 
The atmospheric signal is transmitted from the telescope 

through the front-end transfer optics where the signals are 
separated and coupled into each channel through dedicated 
windows. For radiometric calibration a cone-shaped 
blackbody [6] is used together with an up-looking spectrum 
(ca. 65° elevation angle). The input of the channels is 
switched to the warm blackbody by a flip mirror between 
telescope and transfer optics. For on-ground operation, a 
second flip mirror is installed to couple radiation from a cold 
load (Dewar lined with Eccosorb filled with liquid nitrogen). 
The telescope was designed to yield 2 km vertical resolution 
at 500 GHz. To avoid edge taper effects the vertical size of 
the mirror is 4ω. The size of primary of the dual offset 
Cassegrain is 26 cm in vertical and 13 cm in horizontal 
direction. The anamorphicity is introduced by a cylindrical 
tertiary. The RAL channel signal path is separated by means 
of a polarizer (manufactured by RAL) which transmits the 
SRON and DLR beams. SRON and DLR beams are further 
separated by a dichroic filter plate (also manufactured by 
RAL) transmitting 84-93% of the THz spectral signal to the 
DLR channel. 

The telescope is positioned by a limited angle torque 
motor powered by an H-bridge. The angle is measured with a 
high-accuracy angular encoder. Furthermore, the angle 

change with respect to a space-fixed coordinate system is 
measured with a rate gyro. A real time processor controls the 
telescope using a digital control loop to keep an earth-fixed 
pointing angle of the telescope. Data for this control to relate 
the gondola and earth-fixed systems is supplied by the AHRS 
(attitude and heading reference system) of MIPAS. The 
AHRS is a precise GPS-aided inertial navigation system with 
gyros and accelerometers providing attitude and heading data 
of the gondola movements with 128 Hz. The pointing 
stability is 1’ peak-to-peak in absence of large gondola 
oscillations. For a single measurement the pointing angle is 
held constant. 

The Intermediate Frequency (IF) output of each channel is 
fed to a digital autocorrelator spectrometer developed by the 
OMNISYS company (Sweden), having a resolution of about 
2 MHz and two independent spectrometers with an input 
frequency range of 2 GHz each. The total bandwidth is either 
shared by DLR and SRON channels or entirely dedicated to 
the RAL channel, which uses a 14 GHz to 18 GHz IF 
downconverted to two separate 2 GHz channels.  

All devices of the TELIS instrument are controlled by a 
computer (based on PC/104). Device drivers running in a 
Linux environment control the hardware. Communication 
between flight and ground segment servers is done via 
telemetry supporting TCP/IP. The ground server uses a 
MySQL database to store all sent and received commands 
and data. The data received from the instrument are raw 
autocorrelation as well as housekeeping data, e.g. 
temperatures, voltages, pointing data.  

During flight, the TELIS instrument is powered by lithium 
sulfuryl chloride batteries offering high energy density. The 
instrument is also surrounded with PE foam insulation and 
heat from the autocorrelator unit is transferred to a radiator 
plate by ammonia-filled heat pipes. Table 1 contains 
summary details about the instrument. Figure 2 shows the 
optical module of TELIS including the telescope, blackbody 
unit, transfer optics, and cryostat (blue). The autocorrelator 
unit (Figure 3) contains IF pre-amplifiers for SRON and 
DLR channel and an IF box which converts channel outputs 
to 1.75-3.75 GHz for the autocorrelator. This box also 
controls the autocorrelator and variable attenuators. The local 
oscillator synthesizer for the 1.8 THz channel (output 
frequency ca. 16 GHz), the autocorrelator, and the DC/DC 
power supply for all components on this unit are also on this 
plate which is mounted on the back of the optical module. 
Beside the optical module, there are four small racks: digital 
rack, analogue rack, battery rack, and a rack controlling the 
SRON channel. All racks are stored in compartments 
(40x40x25 cm) of the gondola structure. 

 

TABLE I 
TELIS SPECIFICATIONS 

Dimensions optical module 120 x 70 x 72 cm 

Total mass 140 kg 

Total power consumption 240 W 

Liquid helium 15 l 

Liquid nitrogen 7 l 
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Telescope   

Size 26 cm vertical x 13 cm horizontal 

Design 
Dual offset Cassegrain, 
anamorphic 

Field of View Ca. 2 km FWHM at tangent point 

Spectrometer   

Type Digital autocorrelator, 1.5 bit 

Bandwidth 2 x 2 GHz 

Resolution 2 MHz 

Measurement cycle   

Duration 30-50 s 

Calibration Hot load + deep space view 
Measurement time per 
microwindow 

10-20 min 

DLR Channel   

Frequency range 1750-1890 GHz 

LO power >200 nW 

Noise temperature 3000-4000 K DSB 

Mode Double sideband 

SRON Channel   

Frequency range 480-650 GHz 

Noise temperature 200 K DSB 

Mode Double sideband 

RAL Channel   

Frequency range 497-504 GHz 

Noise temperature 2000 K DSB 

Mode Double sideband 

 

 
Fig. 2 Optical module of TELIS. The module is based on a welded 
aluminium frame. The oval opening on the right belongs to the telescope (1) 
and has about the size of the primary which is behind the opening. The 
blackbody unit (2) with the flip mirrors and one imaging mirror is left of the 
telescope. The warm blackbody itself is under the unit and cannot be seen. 
The transfer optics plate (3) is between telescope, blackbody unit, and 
cryostat (blue vessel, 4).  The only elements of the transfer optics which can 
be seen are the coupling mirrors (5) to the RAL and SRON channels.   

 

 

3 

2
5

4 1

Fig. 3 Autocorrelator unit. Pre-amplifiers (1), IF box (2), autocorrelator (3), 
LO synthesizer (4), power supply (5). 

III. CHARACTERIZATION 

A. Radiometric accuracy 

Gas cell measurements offer a radiometric check of the 
entire system. Opaque lines of ambient temperature gas have 
a known line contrast when measured against a cold 
background. By adjusting the total pressure atmospheric 
signals can be simulated. In the case of unknown sideband 
ratio opaque lines may be selected with a difference 
frequency in the range 2xIFlower to 2xIFupper, where IFlower and 
IFupper are the IF boundary frequencies. The local oscillator 
can then be adjusted to position the lines from both sidebands 
at the same IF frequency. Thus, the IF signal represents the 
sum of both sidebands and the radiometric accuracy can be 
investigated without knowing the sideband ratio.  

Cell measurements (OCS for SRON channel, methanol for 
DLR channel) showed radiometric errors in the auto-
correlator (see Fig. 4). The errors affect the signal intensity 
and signal spectral shape. Radiometrically calibrated spectra 
with broad spectral signatures, similar to the shapes in the 
calibration spectra, do not show any errors. When the 
spectrum to be calibrated has a spectral shape which differs 
from that of the calibration measurements errors occur 
depending on the difference of calibration and target spectral 
shape. The OCS spectra in Fig. 4 could be fitted by using a 
multiplicative and additive correction in radiance in each of 
the 500 MHz autocorrelator segments. The scalar increased 
from narrow to broad lines from 0.8 to 1.0. To characterize 
the spectrometer, identical measurements were performed 
with an FFT spectrometer for comparison. A final analysis is 
in progress. 

4 

1 
2 

3 
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Fig. 4 Measured OCS spectra at different gas pressures. There was a 
saturated line in each sideband. All lines should peak at 300 K (gas 
temperature) and there should be no steps in the line profile.  

 
A method was developed to measure sideband ratios using 

a high resolution Fourier-transform spectrometer (6 m 
maximum optical path difference, corresponding to 30 MHz 
resolution). The heterodyne channel is used as detection unit 
of the FT-spectrometer and the IF power diode output is fed 
into the Fourier-transform analogue electronics. Several 
iterations were required to optimize the procedure and to 
obtain reproducible results. With this method the sideband 
ratios of both the DLR and SRON channel were measured. 
Figure 5 shows an example of the spectral dependence of the 
sideband ratio for two independent measurement campaigns 
(new positioning of detector unit). Worst case differences of 
10% occur. On average, the method is accurate to 5%. The 
spectral shape indicates that some small interference (Fabry-
Perot) effects are still present in the optics of the heterodyne 
spectrometer. 
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Fig. 5 Example of sideband ratio from two different measurement campaigns 

B. Antenna beam profile 

The influence of the telescope on the beam profile was 
measured by Fürholz and Murk [7]. The azimuthally 
collapsed antenna beam profile (ACAP) of the entire system 

was measured according to a method developed by Pickett 
[8]. For this a copy of the telescope was built omitting the 
tertiary and using a mercury arc lamp slit source where the 
arc is imaged into the focal plane of the telescope copy 
equipped with a well-defined slit. Antenna beam profiles are 
measured by placing the telescope copy in front of the 
telescope, and recording the total IF power as function of 
telescope angle. A typical beam profile of the SRON channel 
is shown in Fig. 6. 
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Fig. 6 SRON ACAP at 495 GHz and fitted Gauss profile. The ω is 0.17° 
corresponding to 0.2° FWHM corresponding to a width of 1.8 km at a 
distance of 550 km (typical distance sensor to lowest tangent point). 

 

IV. CAMPAIGNS AND RESULTS 

TELIS participated in two successful campaigns, one in 
March 2009 and the second in January 2010. Both campaigns 
were in Esrange near Kiruna, Sweden. The flight altitude was 
between 30 and 35 km. In contrast to the MIPAS Fourier-
Transform spectrometer the different species to be measured 
cannot be simultaneously covered since they require different 
local oscillator settings. The optimum LO frequency was 
determined by simulating the double sideband spectra using 
standard atmospheric trace gas profiles and the HITRAN 
spectroscopic database. The selection criterion was to have 
mostly isolated lines for the target species. The different 
spectral regions to be covered are called microwindows. The 
different microwindows were tested in the same cryostat 
cooling cycle as the flight itself was performed. In case of the 
THz channel it was confirmed that the optical path difference 
setting for the diplexer (Martin Puplett interferometer) did 
not drift between characterisation and flight outside the 
specification. The diplexer setting influences the sideband 
ratio and is selected for optimum transmittance of the 
atmospheric signal. 

A single microwindow was measured for a time period of 
about 10-20 minutes. The measurement sequence includes 
individual atmospheric measurements and the calibration 
measurements (hot load, up-looking 65°). The atmospheric 
measurements consist of a series tangent spectra (spaced by 
1.5 or 2 km) from 10 km to flight altitude, 2 up-looking 
spectra 6° and 12°. Each spectrum was measured for 1.5 s, 
calibration spectra were measured about every 30 s. The 
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measured data are directly transmitted to the ground and 
processed to so-called “quick look” products. Fig. 7 shows a 
computer screen with quick look data. On the left DLR and 
on the right SRON results are shown. The upper graphs 
shows power spectra, the next single calibrated spectra and 
the lower co-added spectra for all tangent heights and up-
looking angles. 
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Fig. 7 Example of quick look data 

 
Figure 8 shows an example for the THz co-added spectra 

for the OH microwindow together with model calculations. It 
can be seen that the modelled baseline is significantly lower 
than the measured one. Investigations on the reason are in 
progress. It was found that the noise temperature which was 
usually of order 3000-4000 K increased in the flight up to 
7000 K. This happened during both flights. However, during 
the first flight, and when the instrument was bathed in 
sunlight and warming up, the noise temperature decreased to 
the nominal values. The likely cause of this effect is ice 
formation on the tertiary telescope mirror which, in turn, 
introduces increased attenuation in the signal path. Whether 
the increase in noise temperature is correlated with the large 
baseline values observed in the measured spectrum is still 
under investigation. 

Fig. 8 Measured (shades of red) and modelled (shades of green) double 
sideband quick look spectra of THz channel OH microwindow at 16, 19, 22, 
25 and 28 km tangent altitude 

 
Figure 9 and 10 show spectra measured with the SRON 

channel during the recent flight. These spectra are very 
important in improving our understanding of atmospheric 
chemistry. In Figure 9 the time dependence of the ClO signal 
can be seen, with the most recent flight located inside the 
polar vortex during perturbed chemistry. Since MIPAS 
measures ClOOCl, both instruments MIPAS and TELIS can 
measure the time dependence of the most relevant chlorine 
species in perturbed chemistry which would finally 
quantitatively close open issues about the polar ozone hole. 
Figure 10 shows, also for the first time, a subMMW 
measurement of BrO in the polar vortex. To date in situ and 
UV remote measurements have provided contradictory 
results regarding the bromine budget. This new measurement 
will help to quantify the atmospheric bromine content and its 
consequent impact upon the global ozone budget. 

 

 
Fig. 9 The perturbed chemistry diurnal cycle of ClO recorded by the SRON 
channel of the TELIS instrument during the 2010 flight from Kiruna. The 
quick look spectra measured at 19 and 25 km tangent altitude are shown at 
intervals of 20 minutes 
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Fig. 10 BrO recordings by the SRON channel of the TELIS instrument 
during the 2010 flight from Kiruna. The quick look spectra measured at 26, 
28, 30, and 32 km tangent altitude are shown. 
 

V. OUTLOOK 

The next step is the generation of calibrated spectra which 
requires the correction of the autocorrelator error, the 
implementation of sideband ratios and the solution of the 
problem of too high baselines in SRON and DLR channel. 
Scientific exploitation of the data will help to improve 
atmospheric models and the data quality of remote sensing 
instruments. 

TELIS is currently being modified to allow installation on 
the new German HALO research aircraft. 
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Abstract 

The 1.4 THz SIS mixer is prepared for a heterodyne spectrometer CASIMIR aimed for the stratospheric 
observatory SOFIA. One of goals of this work is to supply a low noise spectrometer for the studies of the 
H2D+  101 - 000   line around 1370 GHz.  

We report on the development of a new version of a THz band SIS mixer. In order to reduce the loss in the 
matching circuit of the mixer we are using Nb/Al microstrip circuit with the Silicon dioxide dielectric layer. 
The low loss in the circuit using SiO2 dielectric layer should provide a significant improvement compared to 
the previously used mixer circuits with SiO dielectric. The mixer is using a quasi optical design in order to 
couple the SIS junctions with the telescope beam. The mixer chip with a planar double-slot antenna is mounted 
at the back side of a Silicon lens. The SIS junction normal resistance to the area product RNA is about 6 Ohm 
per micron square. At the target frequency of about 1.4 THz the on-chip coupling is expected to be better than 
70%. With this level of the circuit loss the expected receiver noise may be close to 4-5 hv/k. The receiver 
design bandwidth is 1300 – 1500 GHz, about 200 GHz wide.  

The mixer test with SiO and SiO2 dielectric in the circuit will be reported.  
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Figure 1. The expected SIS mixer coupling to the signal source in the 1.3-1.5 THz range is better than 70%. 
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Abstract—We present the design of two niobium single-
ended Superconductor-Insulator-Superconductor (SIS) mixers
optimized to work in the frequency range of 600–700 GHz.
A key feature of this new mixer design is the utilization of
a unilateral finline taper. This transition is significantly easier
to design and simulate than the previously employed antipodal
finline, and more importantly it simplifies the chip fabricat ion
considerably since the fins do not overlap at any stage. RF
power propagating in the finline is coupled to the microstrip
either directly from the slotline to microstrip, or more effi ciently
via a coplanar waveguide (CPW). Another novel feature of our
design is the fabrication of the mixer chip on a very thin silicon
substrate which will be achieved using Silicon-On-Insulator (SOI)
technology. This will allow easy matching of the incoming signal
from the feed horn to the loaded waveguide and allows the
lightweight mixer chip to be held in the E-plane of the waveguide
using gold beam leads, eliminating the need for a deep groove
in the waveguide wall. These new features yield a significantly
shorter chip and allow wider RF bandwidth since the excitation
of higher order modes in the groove has been avoided. The
mixer block is extremely simple, composing a smooth-walledhorn
and a waveguide section without any complicated mechanical
features. In this paper, we present the details of the mixer
chip, including various transition sections, tuning circuits and
mixer block designs, supported by electromagnetic simulations.
We describe the design procedure in detail and predict the full
mixer performance using the SuperMix software package.

I. I NTRODUCTION

The next generation of astronomical instrument requires a
mixer design that is suitable for large format imaging array
architecture. The mixer should be easy to produce, repeatable,
broadband and compatible with planar circuit technology.
At submillimetre wavelengths, the finline-tapered mixer de-
sign which is compact and easy to fabricate offers a very
attractive option to satisfy this requirement. Finline mixers
do not require complicated waveguide structures and do not
rely on mechanical tuners, i.e. backshorts or E-plane tuners.
All the superconducting circuitry is fabricated using planar
circuit technology. They have wide RF bandwidth and the
large substrate area makes integrating additional mixer circuits
elegant and simple.

One essential feature of the finline mixer is that the entire
mixer, from the feed horn to the IF output of the mixer
chip, lies along the same axis. The mixer chip is held along
the E-plane of a split-block waveguide with a groove on the

(a) Antipodal finline structure

(b) Unilateral finline structure

Fig. 1. Finline diagram.

waveguide wall. The RF propagation path is oriented to the
axial axis of the feed horn. This greatly simplify the designof a
closed-packed imaging array, since the size of the whole mixer
is completely defined by the footprint of the horn aperture.
This becomes even more attractive at higher frequency.

Traditionally, finline mixers use antipodal fins to couple RF
signal from the waveguide to the microstrip line containing
the miniature SIS tunnel junction. As shown in Figure 1(a),
the metallisation for the base and the wiring layer is in the
form of two niobium fins separated by 400 nm of oxide. The
whole arrangement is deposited on a conventional 220µm
thick quartz substrate, which can occupy a substantial space
in the waveguide. The resulting dielectric loading losses which
increases with frequency makes this traditional finline mixers
design less attractive at higher frequency band.

An antipodal finline mixer chip comprise of three distinct
sections: the non-overlapping fins, the overlapping regions and
the microstrip line. The first section tapers down smoothly the
high impedance of an unloaded waveguide to match that of a
superconducting microstrip line. This also transforms theRF
from the waveguide mode into microstrip mode. When the fins
starts to overlap, it behaves more like a parallel-plate waveg-
uide with the effective width equal to the overlap region. The
overlapping width is widened until it is large enough to ignore
the fringing effects. This then slowly tapered to the required
width of the microstrip line by a semicircular cutout, as shown
in Figure 1(a). This technology had been fabricated and tested
by Yassin et. al. [1], [2], [3] at various submillimeter bands.
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They demonstrated state-of-the-art performance, comparable
to the more conventional probe-coupled waveguide mixer.

Despite the excellent performance of an antipodal finline
mixer, there are some shortcomings. The need of overlapping
region makes the mixer chip longer, and is susceptible to
shorting during the fabrication process. The electromagnetic
behaviour of the mixer is also very difficult to simulate,
making it hard to design. To overcome these difficulties, we
have developed a new waveguide-to-planar circuit transition
that replace the antipodal fins with a unilateral finline taper.
Unilateral finline mixer retain all the above-mentioned advan-
tages of an antipodal finline mixers, but have no overlapping
taper region. This yield a shorter mixer chip, and hence reduce
the losses and enable more devices to be fabricated on the
same wafer. This will significantly reduce the time needed to
produce a large number of mixer chips for a focal plane array.

As seen from Figure 1(b), the unilateral fins transform the
RF power from the waveguide mode into a slotline without
any additional complicated strutures. The narrow slotlineon
the other hand provides a natural band-pass filter to preventthe
IF signal entering the mixer chip. The transition from slotline
to microstrip or coplanar waveguide (CPW) can be done easily
and are broadband as well. This design is straightforward and
its electromagnetic behaviour can be easily simulated using
conventional software package like HFSS or well-understood
algorithms such as the Optimum Taper Method or Spectral
domain analysis [4]. This has already been demonstrated in
conjunction with Transition-Edge Sensors (TES) for CLOVER
project [5] (fabricated at University of Cambridge [6]) and
dhown to works very well.

Another novelty of our new mixer design is that the entire
superconducting circuit is deposited on a 15µm thick silicon
substrate using the Silicon-On-Insulator (SOI) technology,
which was not available until recently. This allows the thin
mixer chip to be positioned across the split-block waveguide
without a supporting groove in the waveguide wall, avoiding
the excitation of higher order modes. The chip is simply
supported by gold beam leads deposited on the substrate.
Thin substrate decreases the dielectric loading losses, and
allows the finline mixer design to be extended well into the
THz regime. SOI technology also allows the mixer chip to
be shaped into any desirable form using photolithography
rather than dicing. This leaves more freedom in designing the
matching notches, which are used to match the impedance of
the air-filled waveguide to the loaded waveguide for broadband
performance.

In this paper, we lay out the design of our unilateral
finline mixer in Section II, and proceed to discuss in detail
each component building up to the final mixer design. We
emphasize the RF design procedure of the various transitions,
the tuning circuit and the RF choke in this section. The IF
matching transformers design is explained in Section III and
we study the heterodyne performance of the complete mixer
design predicted by the SuperMix[10] in Section IV. The
design of the mixer block and its feed horn is presented in
the subsequent section, before we conclude our paper.

Fig. 2. Overview of the unilateral finline mixer design, withtwo different
types of finline-to-microstrip transition, showing the different components that
make up the complete mixer chip.

TABLE I
GENERAL MATERIAL AND DIMENSION OF OUR SISMIXER CHIPS.

Structure Material Dimension

SIS junction Nb/AlOx/Nb 1 µm2

Substrate Silicon 15 µm

Ground plane Niobium 250 nm

Dielectric layer Silicon monoxide 475 nm

Signal layer Niobium 400 nm

Waveguide Aluminium 320 × 160 µm

II. M IXER DESIGNS

Figure 2 shows the basic components that make up our
finline mixer chip. It comprises 6 major sections, following
the direction of the RF signal propagation: a 2-step matching
notch, unilateral finline taper, finline-to-microstrip transition,
superconducting tuning circuit, RF chokes and an IF bonding
pad. We have designed two different mixer layouts, differing
mainly by the way used to couple power from the finline to
the microstrip. The first design employ a direct slotline-to-
microstrip transition (herein after known as the direct-mixer)
and the second utilize an intermittent coplanar waveguide
(CPW) section to better match the impedance of the slotline
and the microstrip (herein after known as the CPW-mixer).
Our mixers are designed to work in conjunction with a circular
Nb/AlOx/Nb SIS tunnel junction with the total area of 1µm2.
This corresponds to a normal resistance of approximately 20Ω
and junction capacitance of 75 fF, leading toωRnC ≃ 1 at
650 GHz. Table I summarizes the material and dimensions of
the common structures used in both mixer designs.

The mixer design procedure is rather straightforward, using
various commercially or freely available software packages,
and is summarized as follow:

1) Finline taper designed using FinSynth [7] or HFSS.
2) Transition from finline to microstrip, mixer tuning cir-

cuit, IF choke and other superconducting circuits using
Ansoft Designer and HFSS.

3) Superconductivity was included by inserting surface
inductance to the perfect conductor structure in HFSS

4) Complete mixer chip simulation in HFSS.
5) Mixer performances verified using SuperMix by feeding

the scattering matrices of electromagnetic components
from HFSS.
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(a) Direct fineline-to-microstrip transition

(b) Transition via coplanar waveguide

Fig. 3. Two different types of unilateral finline SIS mixer employing SOI substrate.

A. Finline-to-microstrip transition

Complex superconducting planar circuits are usually fab-
ricated in microstrip because this type of transmission line
confines the frequency independent TEM fields between the
strip and the ground plane well. Once the RF power is
converted into the microstrip mode, the back of the finline
chip need not be surrounded by waveguide anymore, hence
all additional circuitry can be elegantly incorporated. The
transition from the slotline at the output of the unilateralfinline
to the microstrip can be realized either through direct coupling
across the dielectric layer, or more efficiently via intermittent
CPW sections. We have designed our mixers using both types
of transition. The advantage of the latter option is that it
offers a wide range of impedance that can be matched to
the relatively high impedance of the unilateral finline. The
drawback is that this design is slightly more complicated.
Both designs share the same tuning circuit and utilize similar
fabrication steps, and can be fabricated on a single wafer.
Figure 3 shows the design of the planar circuit for both mixer
chips in detail, and the critical dimensions are tabulated in
Table II and III. The ”exposed ground plane” in the figure is
where the gold beam leads will be deposited to earth the chip.
The oxide layer around the junction, about10×10µm in area,
is deposited with only about half of the thickness of the restof
the area. This is to ensure the wiring layer had a good contact
with upper layer of the SIS junction.

1) Direct finline-to-microstrip transition (3a):This layout
is simple and elegant, however the flexibility in design is much
restricted by the lateral dimensional limitation of photolithog-
raphy in fabricating the slotline and microstrip. The narrow-

est slotline feasible with modern photolithography is about
2.5µm, which is about 70Ω on a 15µm silicon substrate. This
is much higher than the smallest microstrip feasible, i.e. 3µm
wide microstrip is only about 20Ω. Hence, this mismatch must
be included in the design of the transformer section leading
to the junction. The incoming slotline is terminated by a 90◦

radial stub of approximatelyλg/4 in radius, forcing the RF
power to couple to the microstrip. The microstrip line is also
terminated by a similar radial stub to provide a short to the
incoming RF signal. The advantage of this simple structure
is that the RF path is aligned along with the central axis of
the mixer chip, and different layers of material are clearly
separated, easing the fabrication process.

2) Transition via coplanar waveguide (3b):The impedance
of a CPW can be easily adjusted to match that of the slotline
and microstrip, since the characteristic impedance of a CPW
is largely dependant on the ratio between the width of the
central strip and the width of the gaps. The central strip and
the ground plane can be fabricated simultaneously in one
photolithography step to ensure better symmetrical alignment.
We first transform the slotline to a CPW via an extended CPW
stub and a radial slotline stub. Two air-bridges are deployed
at both side of the slotline, across the CPW, to make sure that
the ground planes are equipotential. One slight complication
in this design compared to the previous one is that to achieve
a low impedance CPW without a very wide central strip, the
gap width has to be very small. This ultra-narrow gap can be
achieved with a quasi-CPW structure (Section CPW B shown
in Figure 3(b)), where the central strip and the ground plane
are separated by the thin oxide layer. The gap is defined by
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TABLE II
CRITICAL DIMENSION OF THE TUNING CIRCUITS, INCLUDING THE FINLINE-TO-MICROSTRIP TRANSITION, FOR DIRECT TRANSITION MIXER DESIGN. ALL

DIMENSION IN µM .

Stub A Stub B Halfmoon Stub Slotline Trans A Trans B Trans C Tuner 1 Tuner 2 RF Chokes

Width/Radius 30 30 30 3.0 2.5 3.5 5.5 3.0 8.5 20/3
Length/Angle 90◦ 90◦ 180◦ 50.0 38.5 64.0 104.5 26.5 11.5 42.0

TABLE III
CRITICAL DIMENSION OF THE TUNING CIRCUITS, INCLUDING THE FINLINE-TO-MICROSTRIP TRANSITION, FOR CPW-MIXER DESIGN. ALL DIMENSION IN

µM .

Stub A Stub B Halfmoon Stub Slotline CPW A CPW B Trans A Trans B Trans C Tuner 1 Tuner 2 RF Chokes

Width/Radius 2.5 31.0 30.0 3.0 2.5 8.5 3.0 12.0 23.0 2.5 2.5 30/3
Length/Angle 48.0 80◦ 180◦ 60.0 111.5 49.0 155.0 50.0 45.0 10.0 7.0 42.0
CPW gap width 3.5 3.5 1.0

the effective distance between the edge of the central strip
to the ground. Since the central strip and the ground plane
of this quasi-CPW section is deposited using two different
steps of photolithography, this avoids the problem of short
being caused by the ultra-narrow gap. One disadvantage of
this structure is that it might cause misalignment of the central
strip that leads to imbalanced CPW.

B. Tuner circuit

Conventionally, the tuning circuit used to tuned out the junc-
tion capacitance is narrow band, determined primarily by the
ωRnC constant. The standard method is simply to utilize an
inductive strip with an end-stub [8] to tune out the capacitance
at a particular frequency. Utilizing the twin-junction method
[9] with a microstrip to transform the complex impedance
of one junction to the complex conjugate of the other one,
can provide a broader band performance, but often with the
difficulty that both junctions to be fabricated identically. In the
following section, we explain in detail our tuner circuit design
methodology which can provide a broad band performance by
using only a planar circuit structure with a single SIS junction.

Our tuner circuit is composed of mainly four parts: an
inductive strip with a half-moon stub, an inductive strip before
the junction, a multi-sections transformer and an RF choke.
The dimensions of the various components are tabulated in
Table II and III.

In order to match the junction impedance across a broader
bandwidth, we make use of two inductive strips, tuned at
slightly different frequencies, to provide two poles in the
matching circuit. The first utilizes a short microstrip section
terminated with a half-moon stub acting as a short. Assuming
the load impedance of the half-moon stub is close to zero, the
length and the width of this inductive strip can be calculated
using the standard transmission line equation simplified to

l =
1

Z0βωC
, (1)

whereZ0 is the characteristic impedance of the microstrip line,
determining the width of the line, andl is the length of the
microstrip line in electrical wavelength, which can be easily
converted to actual dimension.

The second pole in the matching circuit make use of
another short microstrip line before the junction to tune out

the residual impedance at a slightly different frequency (most
of the junction impedance had been tuned out by the first
inductive strip). Again, the length and width of this microstrip
line can be calculated using the standard transmission line
equation.

Ys =
Yl + iY0 tan βl

Y0 + iYl tan βl
(2)

whereYs is the source impedance,Yl is the load impedance,
which is the residue impedance at the tuned frequency,Y0

is the characteristic impedance of the line andβl is the
propagation constant. By enforcing the imaginary part ofYs to
zero, the length of the strip can thus be obtained in terms of
βl. The value ofY0 can be chosen arbitrarily to determine
the width of the line. Combining both inductive strips in
conjunction with the junction, the reactance is tuned to zero
twice, giving the two poles for better matching.

At this stage, a 3-step transformer is deployed to match
the final load impedance (consist of the junction and the
two inductive strips) to the input impedance of the slotline.
The initial dimension of the transformer can be estimated by
standard quarter-wavelength steps, or of Chebyshev design.
The transformer matches theZ0 of the slotline to the real
part of the load impedance at the central frequency. The final
dimension of transformer can be optimized using conventional
software package like HFSS to include various other effects
such as the superconducting surface impedance etc.

Fig. 4. Electrical diagram of the RF tuning network for our finline mixers.

Figure 4 shows the electrical network representation of
our tuning circuit, and Figure 5 illustrates an example using
the above method. Figure 5(a) shows the result of using
an inductive strip with the half-moon stub to tune out the
capacitance of the junction at the first frequency (i.e. 750 GHz
in this case). Figure 5(b) shows the result of tuning using the
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(a) Inductive strip with half-moon stub
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(b) Inductive strip before the junction
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(d) All tuning components including
the transformer

Fig. 5. Example illustrates how each component in the tuningcircuits works
toward a broadband performance.

second inductive strip to tune out the residual impedance at
slightly higher frequency (800 GHz in this case). As can be
seen in Figure 5(c), when both the inductive strips are used,
there are two poles in the reactance curve that cross the zero
axis at the two tuned-out frequencies. Figure 5(d) shows the
wide band performance of the tuner after matching the real
part of the load impedance to the slotline using the transformer,
which exhibit a twin-peaks feature. In this example, the tuning
band is tuned slightly higher, as the superconducting surface
impedance tends to shift the tuned frequency band downward.
It should be noted that this simple circuit representation only
gives a preliminarily estimation of the required dimensionof
various parts. The final design is often simulated and optimised
in a 3-D electromagnetic simulators such as HFSS to include
effects of thickness, superconducting surface reactance,dielec-
tric tangential loss, etc.

C. RF choke

The RF choke is made of alternating high and low
impedanceλg/4 sections of microstrip to provide high re-
jection to the RF signal over the operating band. This avoids
RF signal leaking into the IF path and ensure that most of
the RF power is coupled to the SIS junction. The width of
the high and low impedance sections are chosen so as not
to be too narrow or so wide to induce high IF capacitance.
We combine all these components into planar circuit together
with the unilateral finlines and SOI substrate to simulate
the electromagnetic behaviour of the complete mixer chip.
Figure 6 shows the return loss and the insertion loss of the
complete RF design predicted by HFSS. Both designs have
about 100 GHz bandwidth across 600 GHz to 700 GHz band.
The power coupled to the junction is better than -0.5 dB in
both case, across the operating bandwidth. Outside the design
band, the performance of the CPW-mixer deteriorates more
slowly compare to the direct-mixer. This is mostly due to the
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Fig. 6. HFSS simulation shows that the tuner design exhibit broad bandwidth,
with about 100 GHz centered at 650 GHz.

severe mismatch of the slotline to microstrip away from the
central frequency band.

III. IF TRANSFORMER DESIGN

The physical structure of planar circuits and the finline of
the mixer chip will be seen as a lumped RLC load at the
IF band, which is not purely resistive. We thus represent
the output impedance of the mixer chip as an RLC circuit,
and match this load to the 50Ω input impedance of the
low-noise amplifier (LNA), to provide wide IF bandwidth
operation. Given that the physical dimensions of both of the
mixer designs are similar, the IF impedance would not be very
much different, and hence only one IF transformer design is
explored. The design procedure are fairly simple, with standard
transformer design methodology, and can be optimized using
conventional circuit design packages. We use HFSS to provide
the flexibility to include more realistic structures such asthe
bonding pad and the gold beam leads. This is to make certain
that we include the effective inductance induced by these
structures in the design of the matching transformer.

(a) Flowchart of IF transformer design.

(b) Diagram of IF transformer.

Fig. 7. IF transformer to match the output complex impedanceof the mixer
chip to the 50Ω IF output.
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TABLE IV
ALL DIMENSION IN MM . IF TRANSFORMER DIMENSION. THE IF
TRANSFORMER WILL BE THE SAME FOR BOTH MIXER DESGIN.

Sect 1 Sect 2 Sect 3 Sect 4 Sect 5 Sect 6 Pocket size

Width 1.00 3.68 1.38 0.86 0.51 0.76 7.0
Length 0.90 0.90 3.76 3.75 0.94 0.9 0 11.15

Figure 7 shows the various components included in the
IF transformer design. The following steps summarize the
complete design procedure for the IF transformer after the
RF part of the mixer design is complete:

1) Obtain the output impedance of the mixer chip seen from
the IF port from Ansoft Designer’s circuit or SuperMix
package

2) At the frequency where the real part of the impedance
is zero, find the reactance and estimate the value of the
capacitor or inductor

3) Represent the RF mixer chip as an RLC equivalent
4) Use Designer or any other simple circuit simulation

package to design the impedance matching transformer
5) Include the gold beam leads and the bonding pads in

HFSS to optimize the transformer design
6) Export the scattering matrix into SuperMix to verify the

final full mixer heterodyne IF performance
Table IV lists the dimension of the IF transformer used in

our mixer design. As can be seen from Figure 8, HFSS calcu-
lated that the return loss to be less than -10 dB from about 2 to
12 GHz. This matches very well with our LNA’s bandwidth,
and is wide enough for most astronomical requirements.
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Fig. 8. HFSS simulation shows that the transformer had better than -15 dB
return loss from 4 GHz to 12 GHz IF band.

IV. SUPERM IX SIMULATION RESULTS

To verify and understand the heterodyne mixing behaviour
of the mixer, we exported the scattering matrices of all the
components computed using electromagnetic software pack-
age, mainly from HFSS, to SuperMix. In this way, we com-
bine both the more accurate description of electromagnetism
behaviour by the electromagnetic package, and make use of
SuperMix to predict the superconducting mixer heterodyne
performance, such as noise temperature and gain. The di-
mension obtained from the electromagnetic design can also

Fig. 9. Flow chart shows the various components included in the SuperMix
simulation.

be input directly to SuperMix as various circuit components
for cross-checking purpose, and both methods generally give
similar results.

Figure 9 shows all the components included in our Su-
perMix circuits, and Figure 10 and 11 show the results of
the calculation. Both mixer designs yield very flat RF gain
response across the operating band. The IF gain is also stable
across the desired IF bandwidth. The noise temperature of
both mixers is estimated to be lower than 50 K across the
whole design band. Again, CPW-mixer design yield a slightly
wider RF band, agreeing with the performance predicted by
HFSS. These results will serve as a good guideline to better
understand the experimental measurement of the real mixer.

V. M IXER BLOCK AND FEED

The mixer block to house the SOI finline mixer is extremely
simple. As shown in Figure 12, only a straight rectangular
waveguide is needed, with a pocket for the IF board to be sit
on. At the front of the rectangular waveguide is a cone-shaped
circular-to-rectangular transition to make sure that the signal
from the feed horn is coupled to the mixer chip efficiently. This
can be done by simply drilling a 10◦ opening cone at the inlet
of the split-block after the waveguide and other component
have been machined. This 10◦ smooth-cone transition have
been demonstrated to work with HARP-B mixers [11] and
HFSS simulations predict that the return loss across the band
would be less than−20 dB, as shown in Figure 13.

The mixer block will be connected to a smooth-walled
horn [12] designed using genetic algorithm. These horns
shows good circularity and low side-lobes level, comparable to
conventional corrugated horns. They are easy to manufacture
and time/cost saving, which is important for multi-pixel focal
plane array applications.

VI. CONCLUSION

We have presented the design of a broadband unilateral
finline SIS mixer at 650 GHz utilizing SOI technology. The
design results in a tunerless, elegant yet fully integratedplanar
circuits, and an easy-to-fabricate mixer chip and block. A
smooth-walled horn that is manufactured by a simple drilling
technique, will be used to feed the signal to the mixer. The
use of planar circuit technology ensures that a large number
of mixers can be produced in short time and reduces the tol-
erances between mixer chips. This shall greatly improves the
performance and reduces the cost of constructing large-format
mixer arrays. The performance was fully simulated using
rigourous electromagnetic methods, exported into SuperMix
package, and the heterodyne performance has been reported.
The chip design will be fabricated at KOSMA, University
of Cologne and the experimental measurement of the mixer
performance will take place soon.
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Fig. 10. SuperMix simulation results of direct-mixer chip.
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Fig. 11. SuperMix simulation results of CPW-mixer chip.

Fig. 12. The drawing of the block that will be used to house themixer chip.
The two butterfly-wing-structure are used to hold the metal that couple the
magnetic field from the coil to suppress the Josephson current. It will be fed
from the two poles on top of the mixer block. The IF output willbe tapped
from the IF board using standard SMA connector at the back of the mixer
block.
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Abstract—In this paper, we will present the design and the
simulation of a 230GHz finline Ultra-wide IF Bandwidth SIS
mixer. This mixer will be used in a novel millimeter-wave
heterodyne interferometer: GUBBINS. GUBBINS is designed to
demonstrate high surface brightness mm-wave interferometry
at modest spatial and spectrum resolution. Its observational
targets are the spectrum of the Sunyaev-Zel’dovich effect in
the brightness galaxy cluster[3]. The archetype of the mixer
design described here is an antipodal finline SIS mixer designed
by Paul Grimes in Oxford Experimental Cosmology group in
2008[1]. Here several improvement and modification are made
to simplify the design and fabrication, and also enhance the
IF bandwidth. An unilateral finline replaces the complicated
antipodal finline. No RF bandpass filter is needed after finline.
The tuning circuit design presented here aims to achieve wider RF
coupling bandwidth, even though only a single junction is used. A
multi-stage IF transformer follows the IF bonding pad matching
the IF output of the mixer to the input of the IF amplifier, as well
as reducing the impact of the parasitical capacitance introduced
by the RF finline and RF radial stub.

I. I NTRODUCTION

In recent years, considerable astronomical research has been
focused in the millimeter and submillimeter band. The increas-
ing sensitivity of the millimeter and submillimeter receiver
enables the observation of fainter astronomical target, e.g
the cosmic microwave background radiation. A novel het-
erodyne interferometer telescope- GUBBINS (220GHz Ultra-
BroadBand INterferometer for S-Z) is under construction in
Oxford, with the aim of observing galaxy clusters via the
Sunyaev-Zel’dovich effect and demonstrating high surface
brightness mm-wave interferometer at modest spatial and
spectral resolutions.

The observation of the continuous source,like cosmic mi-
crowave background, requires extremely high brightness sen-
sitivity. The sensitivity of a receiver does not only dependon
the noise performance , but also on the available instantaneous
bandwidth over which detected power is integrated. In a het-
erodyne receiver, the instantaneous bandwidth is determined
by the IF bandwidth. Also, wide IF bandwidth mixers allow
spectroscopic observations to detect several spectral lines si-
multaneously. But wide IF bandwidth SIS mixers are still rare
currently because several key design challenges are waiting
be solved. Wide RF bandwidth signal has to be coupled into
SIS junction efficiently, while the IF signal generated in the
SIS junction should not leak into the RF circuit of the mixer.
The SIS junction must see a reasonably constant embedding
impedance throughout the IF bandwidth. This enables the IF

signal to be well coupled from the junction to the input of
cold IF amplifier over a wide IF bandwidth.

The finline mixer chip introduced here is not sensitive to
mixer block fabrication tolerance, hence ease the requirement
for the precision of the mixer block.The large chip area also
allows elegant integration of complicated planar circuit onto a
single chip.The SIS finline mixer design presented below is an
improved unilateral finline design based on a direct transition
from slotline to microstrip, mounted on a 60µm silicon sub-
strate. The silicon substrate reduces the impedance difference
between finline slot and microstrip transmission line, which
acts to improve the scattering parameter performance. The
designed includes the following components:

• A silicon substrate with 2-stage rectangular notch at the
front end, used to transfer the signal from unloaded
waveguide to loaded waveguide. The mixer chip is
mounted in the E-plane split mixer block, supported by
grooves in the waveguide wall.

• A unilateral finline transition to couple the signal from
loaded waveguide to microstrip transmission line, where
the SIS junction is fabricated. Quarter wavelength serra-
tions are added to each side of the finline to prevent RF
power propagating in the grooves.

• A multi-stage microstrip tuning circuit around the SIS
junction to tune out the parasitical capacitance of the SIS
junction over a very wide RF bandwidth. A 5-stage RF
choke is integrated in the tuning circuit to prevent RF
signal leaking into the IF output port.

• At the rear of the chip, the IF bonding pad is used
to transmit the IF signals from the mixer to the IF
transformer using several aluminium bond wires. It is
carefully simulated in HFSS to present inductance as low
as possible and good transmission performance over a
wide IF bandwidth.

• A five-stage quarter-wave microstrip transformer is in-
corporated onto the IF connection bonding pad to match
the mixer output to the 50ohms SMA connector and IF
amplifier input over the 2-20 GHz IF band.

A. Mixer design

The mixer is fed by a waveguide diagonal horn which
couples into a unilateral finline taper, the taper then cou-
ples the signal into a microstrip line which contains the
superconducting tunnel junction[4]. The device is fed by a
miniature microstrip line, the field of which does not interact
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Fig. 1. AutoCAD photo of an ultra-wide IF bandwidth finline SIS mixer
chip. The RF signal is coupled from free space from the right and the IF
signal signal leaves from the IF bond pad, on the right.

with the waveguide mode, thus neither back-short or E-plane
tuner is needed. The mixer chip will be fabricated on 60µm
silicon substrate and uses a 200/10/100 nm thick NB-AlOx-Nb
trilayer, a 490 nm thick SiO dielectric evaporated separately
in two layers, 240nm and 250nm, with a dielectric constant of
5.8 and 400nm thick Nb wiring layer.

A schematic of diagram of the mixer chip in shown in Fig.1.
In the following section , we will introduce the detail of each
Mixer component.

1) Transmission line: The finline mixer is deposited on a
60µm silicon substrate which supports the structure in the
E-plane of a rectangular waveguide. The wafer is supported
in a groove which runs along the sides of the waveguide.
Waveguide dimension is standard WR-4 , 550µm ×1100µm.
Impedance matching between the loaded waveguide and free
space is achieved by a 2-step binomial multisection notch
shown in Fig. 1. The length of each step is approximately
one quarter of the guide wavelength at that section and the
impedance of each step can be determined by the binomial
formulars(eqn. 1) given the impedance of waveguideZ0and
microstrip ZL [2]. The widths of each step are optimized in
the HFSS software.

[tp] ln
Zn+1

Zn
= 2−NCN

n ln
ZL

Z0
(1)

As stated in the previous paper[1], a lot of care has to be
taken in the fabrication of antipodal finline to avoid the narrow
spikes that can potentially AC-short the chip , especially at
the stage when the fins start to overlap with each other.
To overcome this difficulty, A newly developed unilateral
finline transition is used to couple the RF power into the
mixer chip[5][6][7]. An important advantage of this designis
that it provides an extremely wide bandwidth transition from
the waveguide impedance to a low microstrip impedance.For
Nb film with 500nm thickness deposited on 60µm silicon
substrate, an impedance of approximately 36Ω is obtained with
a finline gap of 2.5µm. A microstrip bridge with a width of
2.2µm is deposited across the slotline on a 490nm thick layer
of SiO and terminated by a shorted quarter-wave radial stub.
The finline itself is also terminated by a quarter-wave radial
stub which forms a RF short. The quarter-wave radial stub of
finline shorts the signals to the microstrip bridge, and thenthe
radial stub of the microstrip shorts the signal again and then
directs the signals to the 2.2µm microstrip line.

Fig. 2. (Top)HFSS model of the unilateral finline.(Bottom)The scattering
parameter of such unilateral finline across RF bandwidth.

In the calculation of the unilateral finline taper, the Optimum
Taper Method is used[5], which takes a maximum allowed
returned loss for the taper (e.g. -30dB), and then calculates
the corresponding cutoff frequency profile along its length.
Transverse resonance method is used to give the relationship
between the cutoff frequency , the slot width and the prop-
agation constant. Because the cutoff frequency of unilateral
finline is right above the IF frequency range, no RF bandpass
filter is needed after the finline, which reduces the length
of the chip, hence the loss. Figure 2 shows the computed
scattering parameter of an unilateral finline taper deposited on
a 60µm silicon substrate using HFSS software. We found that
the bandwidth of the finline taper is restricted by the 2-stage
rectangular notch , rather than the finline taper itself.

2) Tuning circuit: The RF choke is integrated in the tuning
circuit design. We have designed three tuning circuits of
different sizes, using the same design method and roughly the
same performance, but with various dimensions . Here only
one designed will be illustrated and introduced in detail.The
schematic diagram of the tuning circuit is shown in Figure 3,
with 20Ω ,1µm2 SIS junction with a critical current density
of 14 KA/cm2 and a specific capacitance of 75fF/µm2 . It is a
single junction tuned out by two series microstrip stub located
before and after the junction, each tuned at two different
frequency, giving a wide RF coupling. The 2.5µm wide
microstrip transmission line deposited on 490 nm thickness
SiO dielectric layer presents an impedance of roughly 20Ω,
ideal for the the coupling to the 20Ω SIS junction. Before
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Fig. 3. (Top)Diagram of the tuning circuit with the integrated RF choke.
Dimensions are inµm and the SIS junction is shown as a purple dot. The
7-step stubs after the junction are the RF choke. (Bottom) HFSS calculated
scattering parameter of the tuning circuit. The red line represents the return
loss while the purple line represent the insertion loss.

the SIS junction, a 3-stage Chebyshev transformers is used to
realize impedance matching between 2.2µm2 microstrip line
and the SIS junction.

After the SIS junction, 6-stepped width section RF chokes
are added to block the unnecessary RF signals leaking into
the IF port. The first section of the RF choke also acts as the
microstrip stub termination in the tuning circuit.

3) IF connection and transformer: The IF signal generated
in the SIS junction is transmitted to the wiring layer bond
pad at the rear of the chip. This bond pad is connected to the
IF transformer through three 50µm diameter aluminium bond
wires. The 5-step IF transformer is fabricated on 254µm thick
Roger’s Duroid 6010 substrate. The bonds are kept as short
as possible to minimize the inductance of the bond wires. At
each side of the chip, there are two bond wire providing a
ground connection to the mixer block. The gap between the
wiring layer and the ground layer is optimized in HFSS to
achieve good performance in the IF coupling(Figure 4).

A five step quarter-wave microstrip transformer is designed
following the IF bond pad connection to match the mixer
output to the 50Ω SMA connector over 2- 20GHz IF band.
The finline and large area stub on the chip will introduce
considerable parasitical capacitance. Thus the width and length
of the first section of the IF transformer is optimized in
Ansoft Designer to enable a good match between the complex
output impedance of the SIS mixer chip and the 50Ω IF
amplifier(Figure 5).

II. SIMULATED M IXER PERFORMANCE

As well as the HFSS simulations shown above, the mixer
designs have been extensively simulated by the software based
on Caltech’s SuperMix simulation library. In this section ,we

Fig. 4. (Top)HFSS model of the IF bond pad.Bond wires are shown in
grey. The blue pad is the ground plane while the red pad is the bonding
pad. The orange pad connected to the bonding pad by grey wire is part of
the IF transformer.(Bottom)HFSS calculated scattering parameter of the IF
connection,normalized to the mixer output impedance of 20Ω )

will present simulation results for the whole chip, including
unilateral finline ,tuning circuit, IF bond pad and IF trans-
former along RF bandwidth, IF bandwidth and various DC
bias point. But other receiver components , like the cryostat
window, IR shields and the LO injection beamsplitter are
not included. The mixer performance along the RF band for
the single junction design is present in Figure 6 and the
performance along the IF band for the single junction design
is presented in Figure 7. In these RF simulation, the mixer is
biased at a fixed voltage 2.2mV and pumped by a fixed LO
power of 40nW, while the performance calculated at a fixed
IF frequency of 10GHz. In the IF simulation, the voltage bias
point and pumped level are the same with the RF while, but
the RF frequency is set to be 230GHz.

III. C ONCLUSION

We have designed a novel silicon-substrate unilateral finline
mixer which is expected to exhibit wide RF coupling band-
width and ultra wide IF bandwidth of 2-20GHz. The appli-
cation of the novel unilateral finline allows wide RF signal
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Fig. 5. (Top)Combined scattering parameter of the IF bond pad and the 6-step
IF transformer, normalized to 20Ω at the input end and 50Ω at the output
SMA of amplifier. The dimension shown is in unit of mm. It is calculated
by the Ansoft designer. The scattering parameter of IF bond pad is exported
from the HFSS simulation.(Bottom) Diagram of the IF output transformer,
fabricated on 254µm thick Duroid 6010LM. The unit in the diagram isµm
and the left hand side of the IF transformer is connected to the IF bond pad
and the right hand side is connect to the output SMA.

coupling , elegant integration of complicated planar circuit as
well as minimum parasitical capacitance. The simulation result
from SuperMix demonstrates both the wideband RF and IF
operation could be achieved by this high performance mixer.
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Fig. 7. SuperMix calculated mixer conversion gain (top) andnoise tempera-
ture (bottom) against IF frequency. The mixer is biased at 2.2mv and pumped
by 40nw of LO power at frequency of 230Ghz.
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Abstract 

The Stratospheric Terahertz Observatory (STO) is a long-duration balloon-borne telescope that will initially 
map the Galaxy in two key spectroscopic lines, C+ at 1.9 THz and N+ at 1.46 THz [1], using two arrays of 
superconducting hot-electron bolometer receivers. We are currently fabricating the lower frequency mixers for 
this project, and 4 units will be built and assembled to form an array. The basic mixer design is similar to the 
one developed for the receiver operating in Chile [2], with one key difference: instead of using quartz for the 
mixer substrate material, we use silicon-on-insulator (SOI) wafers, with which it is possible to obtain final chip 
thickness of only a microns. The use of very thin silicon permits us to easily scale the mixer design to higher 
frequencies, and at the same time to take advantage of the fact that superconducting nitride films for mixer 
applications grow best on crystalline silicon than on quartz or amorphous membranes. The final devices, which 
are 6 microns thick, are robust and easily mounted into a channel that spans across a waveguide in the 
waveguide block. With a prototype mixer which uses a corrugated feed, we measured a receiver noise 
temperature of 1050 K (DSB) at 1.398 THz with an intermediate frequency of 1.5 GHz, using a laser local 
oscillator source. We are presently scaling the design to 2.7 THz. 
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Abstract 

The space observatory Millimetron will be operating in the millimeter, sub-millimeter and infrared ranges 
using a 12-m cryogenic telescope in a single-dish mode, and as an interferometer with the space-earth and space-space 
baselines (the latter after the launch of the second identical space telescope). The observatory will allow performing 
astronomical observations with an unprecedented sensitivity (down to nJy level) in the single-dish mode, and 
observations with a high angular resolution in the interferometer mode. The total spectral range 20 μm – 2 cm is 
separated into 10 bands. HEB mixers with two cooling channels (diffusion and phonon) have been chosen to be the 
detectors of choice of the system covering the range from 1 THz to 6 THz as the best detectors in terahertz receivers. 

This type of HEB has already shown good work in the terahertz range. A gain bandwidth of 6 GHz at an LO 
frequency of 300 GHz and a noise temperature of 750 K at an LO frequency of 2.5 THz are the best values for HEB 
mixers with two cooling channels [1]. Theoretical estimations predict a bandwidth up to 12 GHz. Reaching such good 
result demands more systematic and thorough research. 

We present the results of the gain bandwidth and noise temperature measurements for superconducting hot-
electron bolometer mixers with two cooling channels. These characteristics of the devices of lengths varying from 50 
to 200 nm were measured for the purposes of Millimetron at frequencies of 600 GHz, 2.5 THz, and 3.8 THz. For gain 
bandwidth measurements we use two BWO’s operating at 600 GHz: one as the signal and the second as the LO. The 
noise temperature measurements were performed using a gas discharge laser as the LO and blackbodies at 77 K and 
295 K as input signals. 

The devices studied consist of 3.5-nm-thick NbN bridges connected to thick (10 nm) high conductivity Au 
leads fabricated in situ. This method of fabricating devices has already proved promising by opening the diffusion 
cooling channel. [2] Fig. 1 shows a SEM photograph of a log-spiral antenna with an HEB at its apex.  

 

 
Fig. 1. Left: a SEM photograph of a log-spiral antenna with an HEB at its apex; right: a close-up of the HEB at the 
antenna apex. 
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Abstract—We report the measured sensitivities of a 
superconducting NbN hot electron bolometer (HEB) heterodyne 
receiver at 5.25 THz. The terahertz (THz) radiation is quasi-
optically coupled to the HEB mixer with a lens and a spiral 
antenna. Using a measurement setup with black body 
calibration sources and a beam splitter in vacuum, and an 
antireflection coated Si lens, we obtained a double sideband 

(DSB) receiver noise temperature ( ) of 1150 K, which is 

4.5 times h/k (the quantum limit). In addition, the measured 
far field beam patterns of the integrated lens antenna from 2.5 
THz to 5.3 THz show collimated beams that make it reliable to 

measure using the vacuum setup. Our experimental 

results in combination with an antenna-to-bolometer coupling 
simulation suggest that the HEB mixer can work well at least up 
to 6 THz, suitable for next generation of high-resolution 
spectroscopic space telescopes and, in particular, for the 
detection of the neutral atomic oxygen (OI) line at 4.7 THz. 

DSB
recT

DSB
recT

I. INTRODUCTION 

Superconducting hot-electron bolometer (HEB) mixers 
are so far the most sensitive heterodyne detectors at THz 
frequencies above 1.5 THz. The HEB mixers based on NbN 
or NbTiN superconducting films have been successfully used 
to detect spectral lines up to 2 THz from ground based [1-3] 
and space [4] telescopes. The performances, such as the low 

double sideband (DSB)  of 1300 K at 4.3 THz [5], an 

intermediate frequency (IF) gain bandwidth of 3 GHz and 
noise bandwidth of ~5 GHz [6], low local oscillator (LO) 
power of 50-500 nW [7], and a long Allan variance stability 
time [1], have been reported by different research groups. 
They become the choice of the detector in the upper THz 
frequency range (3-6 THz) for high resolution spectroscopic 
observations for astronomy. One example is the fine-
structure line of neutral atomic oxygen OI (3P1-

3P2) at 4.7448 
THz, which is a major coolant of dense interstellar medium 
and is a vital tool for probing the physical conditions of 
massive young stars [8]. The OI line has been recorded by a 
Schottky heterodyne receiver flying on the Kuiper Airbone 
Observatory [9]. However, the sensitivity of the receiver used 
is very poor and is 75000 K at 4.7 THz. The sensitivity of a 

receiver, i.e. , is a crucial parameter that defines the 

minimal detectable line amplitude and also the observation 
time.  

DSB
recT

DSB
recT

DSB
rec

The far field beam pattern of a quasi optical HEB mixer, 
governed by a lens/antenna combination and radiation 
frequency, is also an important performance parameter for a 
practical receiver. The beam pattern of a spiral antenna at 5 
THz is not known, which motivates us to investigate that. 
Besides, we also notice that the beam patterns are crucial for 

measuring T when hot/cold loads with a limited surface 

area are used, which is the case in our vacuum setup.  
The aim of this work is to demonstrate experimentally 

the ultimate sensitivity of an NbN HEB mixer at the high-end 
of THz frequency range. Here we use a similar HEB mixer 
and measurement setup as reported earlier at 4.3 THz [5]. 
However, we extend the LO frequency to 5.25 THz. We 

report  of 1150 K at 5.3 THz. In addition, the coupling 

efficiency between spiral antenna and bolometer is simulated. 
The far field beam patterns of the mixer were measured at 
several frequencies up to 5.3 THz. 

DSB
recT

 

II. HEB DEVICE AND MEASUREMENT SETUP 

The HEB mixer used consists of 2 m wide, 0.2 m long, 
and 5.5 nm thick NbN bridge on a highly resistive Si 
substrate. The NbN thin film was produced by a group at 
Moscow State Pedagogical University (MSPU), Russia. The 
details of the NbN film can be found in [10]. The bridge is 
connected to the antenna by Nb (10 nm)/Au (50 nm) 
superconducting bilayer contact pads [11]. Prior to deposition 
of the contact pads, Ar ion etching is applied to clean the 
surface of NbN, eliminating contact resistance between NbN 
and contact pads. Such contact structures allow RF and DC 
power being dissipated only in the NbN bridge, thus there are 
no RF loss and no additional noise contribution due to the 
contact interface. The antenna is an on-chip self-
complementary spiral antenna that is made of a 170 nm thick 
Au layer. It has a tight winding design with an inner diameter 
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of 6.6 m close to the NbN bridge [Fig.1(a)]. The HEB has a 
low-temperature normal-state resistance (RN) of 83  a 
critical temperature of 9.3 K, and a critical current of 210 A 
at 4.

e absorption due to water in the air and due to 
the 

er is 
regu

n has a gain of about 80 
dB and a noise temperature of 7 K. 

ng efficiency between 
bolo  and antenna versus frequency (right axis). 

 

III. SIMULATION PEDANCE AND THE

pedance (Zantenna) of the spiral 
antenna can be given as [16]: 

   

2 K.  
We apply the same vacuum measurement setup as 

described in [5] except for a different heat filter [12] and 
without bandpass filter. The HEB chip is glued to the 
backside of Si elliptical lenses [13] without and with an 
antireflection coating, mounted in a mixer unit that is placed 
in a 4.2-K liquid helium cryostat. As calibration sources, a 
blackbody at 295 K is used as the hot load and another one at 
77 K as the cold load. The two loads can be selected by 
rotating a mirror. The radiation from the hot/cold load is 
combined with that from the LO by a 3-m Mylar beam 
splitter. Before reaching the HEB, the radiation passes 
through the heat filter at 4.2 K that blocks infrared radiation. 
There is no window on the cryostat and all these components 
are in the same vacuum [14]. Therefore the radiation does not 
suffer from th

window.  
The LO is an optically pumped FIR ring laser, operated 

at a frequency of 5.2456 THz using CH3OD gas, which is 
pumped by 9R08 CO2 line. We choose this frequency 
because it provides enough amount of power in the frequency 
range of our interest. The LO power coupled to the mix

lated by rotating a wire grid in front of the gas laser 
The IF signal, resulting from the mixing of the LO and 

the hot/cold load signal, first passes through a bias-T, a 
circulator, and then a cryogenic low noise amplifier 
(Berkshire 1.3-1.7 GHz) operated at 4.2 K, followed by 
room-temperature amplifiers. This signal is filtered at 1.5 
GHz within a band of 80 MHz. Between each two 
components in the IF chain, an attenuator is added to avoid 
standing waves. The entire IF chai

 
Fig. 1 (a) SEM picture of a tight winding spiral antenna with an inner 
diameter of 6.6 m; (b) SEM picture of the NbN bridge with a length of 0.2 
m and a width of 2 m; (c) Equivalent circuit of the whole antenna 
structure, which includes parasitic inductance and capacitance; (d) Simulated 
impedances of the spiral antenna versus frequency using HFSS and using the 
equivalent circuit (left axis) and calculated coupli

meter

OF THE ANTENNA IM  

COUPLING 

To predict the impedance of the antenna and further 
calculate the coupling efficiency for the radiation power from 

the antenna to the HEB at the upper THz frequencies, we 
model the antenna using a three dimensional electromagnetic 
field simulator HFSS based on finite element method [15]. 
We assume that an RF signal is excited at the slit between 
two contact pads of the HEB, which is called lumped gap 
source. The Si substrate with a refractive index nsi=3.42 is set 
to be much thicker than the wavelength () of the radiation 
and is treated as the half infinite space. All the surfaces are 
taken as radiation boundary. The scattering parameters are 
extracted from the electromagnetic field distribution. From 
the complex reflection coefficient (S11) and its characteristic 
impedance (Z0), the input im

11
0 1 Santenna 

111 S
ZZ


                                             (1) 

SS. The result is also plotted 
in Fi

 can be calculated based on the 
impedance match: 

Fig. 1(d) shows the simulated Zantenna of the spiral antenna 
as a function of frequency between 1 and 6 THz. At lower 
frequencies the impedance is real and has a value close to 75 
as expected for an equiangular spiral antenna [. But 
with increasing the frequency the reactive part appears and 
increases to -50  at around 5 THz. The reactance can be 
explained by a parasitic effect that is due to the presence of a 
transition structure, namely the contact-pad structure between 
the HEB and the two arms of the spiral [see Fig.1(b)]. This 
leads to deformation of RF current and thus inductive and 
capacitive parasitic effects [18]. One can describe this by 
assuming an equivalent circuit that is shown in Fig.1(c). The 
transition structure acts as a series inductance L1 to the 
antenna resistance Rantenna, and the slit between contact pads 
can be represented as a parallel capacitance C. Furthermore, 
the difference in the width between bolometer and contact 
pads causes current crowding which can be described as a 
series inductance L2. Using this argument together with the 
following parameters: Rantenna=75 , L1=2.34 pH, L2=0.7 pH, 
and C=0.45 fF, we can obtain a very similar impedance for 
the antenna as predicted by HF

gure 1(d) for comparison.  
Given that our HEB impedance is constant [19], equal to 

RN, the coupling efficiency 

2

4 (

Au

Si

)HEB antenna

HEB antennaZ Z
The calculated  is also given in Fig. 1(d).  We find that  

is nearly 100 % at the frequencies below 3 THz, while above 
this value it decreases, but decreases gradually with 
increasing frequency. Even at the highest frequency of 6 THz, 
it is still more than 80 %, suggesting that our particular spiral 
antenna with the tight winding design can work well up to at 
least 6 THz and even beyond this frequency. For comparison, 
Fig. 1(d) shows also the calculated coupling efficiency based 
on the simple equivalent circuit. The result suggests that the 
simple model is a

Z re Z                                        (2) 

ble to qualitatively explain the frequency 
dependence of . 

IV. CHARACTERIZING AN ANTI-REFLECTION COATED LENS 
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It is known that when a Si lens is used to couple THz 
radiation from the free-space to an antenna, a considerable 
amount of optical loss is due to reflection because of the high 
reflective index of Si, nsi. This loss can be minimized by 
coatin layer with a thickness of quarter 
wavel AR and with a refractive 

index

g an anti-reflection 
ength (/4n ) 

1.85AR sin n  . Parylene C is a known coating 

m

an uncoated lens. We also find that at the 
designed frequency (4.3 THz), the transmission reaches its 
maximum of 97 %. 

aterial since it has a refractive index (nPC) of 1.65, which is 
close to the optimum value [20].  

To measure the ultimate DSB
recT  at 5.25 THz, we apply an 

existing Si lens coated with a Parylene C. The coating layer 
has a thickness of 10.9 m and was originally designed for 
4.3 THz [5]. To find its transmission at 5.25 THz, we 
prepared a double-side polished Si wafer coated with a 
Parylene C layer of the same thickness (10.9 m) on both 
sides and measured the power transmission as a function of 
frequency by a Fourier transform spectrometer. The 
measured result is shown in Fig. 2. A good theoretical fit to 
the measured data is found when the coating layer is assumed 
to be 10.93 m thick and nPC=1.634. Based on the data and 
analysis, the transmission for the coated lens as a function of 
frequency is calculated and also depicted in Fig. 2. At 5.25 
THz the transmission reaches 92 %, which is 22 % higher 
compared to that of 
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Fig. 2 Measured and theoretical power transmission of a double-

coated with a Parylene C layer on both sides.
ylene C coating layer are 2 mm and 10.9 m thick,

V. EXPERIMENTAL RESU

A. R-T Curve and Pumped I-V Curves  

The resistance of a similar HEB from the same fabrication 
run has been measured as a function of temperature. The 
result is shown in the inset of Fig. 3. It is featured by three 
superconducting transitions. The lowest transition Tc1 of 6 K 
is associated to the Au/Nb/NbN contact structures; the 
middle transition Tc2 of 8 K is associated to the NbN under 
Au (thick) antenna layer; and the highest transition Tc3 of 9.3 
K is due to the NbN bridge. The resistance above Tc3 is about 
83  making a good impedance match possible with the 
spiral antenna. It is important to mention that in our case 
when the HEB is operated in the optimal biasing point, the 
contacts are in the sup

 the superconducting transitions in such structures can be 
found elsewhere [11]. 

A typical set of I-V curves of the HEB with different LO 
power levels at 5.25 THz, recorded at 4 K, are shown in Fig. 
3. With increasing LO power level, the superconductivity of 
the NbN bridge becomes gradually suppressed, showing a 
transition from the superconducting state to normal. The 
measured curves can be xplained by a nonuniform 
distribution model for a HEB [21]. The optimum operating 

region, where the lowest DSB
recT  can be obtained, is indicated 

in the I-V plot. This region is centered around a bias voltage 
of 0.6 mV and a current of 34 A. The optimum LO power in 
the HEB is about 150 nW, obtained by the isot

   
Fig. 3 A set of current-voltage curves of the NbN HEB mixer at 4.2 K and at 
different LO power, where the optimum oper

0 2 4 6 8 10

inset shows the DC resistance versus temperature of a very si
which was measured in the low current limit. 

B. Receiver Noise Temperature at 5.25

We start with a measurement in which the HEB is 

mounted on the uncoated Si lens and DSB
recT  is characterized 

in a conventional way. We measured the output power of the 
receiver, Pout,hot and Pout,cold, responding to the hot an ld 
load as a function of bias voltage under a constant, but 

optimum LO power. The results are plotted in Fig. 4. DSB
recT is 

obtained by the Y-factor method a using the equivalent 
temperatures for the blackbody at  and 77 K according 

to Callen-Welton definition [23]. DSB
recT as a ion of bias 

voltage is also plotted in Fig. 4. The lowest DSB
recT  (black dot 

nd 
 K

e) is roughly 2000±500 K. The uncertainties are mainly 
caused by the LO power fluctuation and drift.  

It has been well established that a HEB with a wideband 
antenna and low LO power requirement can suffer from the 
direct detection effect due to broadband blackbody radiation 
[24]. An additional demonstration of  direct detection 
effect in this particular experiment will be given in the 

subsection C. As a result, a measured DSB
recT is usually higher 

than it should be [25]. This effect can be corrected out by 
adjusting LO power such that the DC current of the HEB is 
the same responding to the hot and cold loads. For 
comparison, the receiver output power data after adjusting 
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LO power are also shown in . 4. For clarity a 2 dB 
positive offset in the vertical direction is introduced in the 

plot. The measured lowest DSBT  becomes 1500±300 K, 

 Fig

w

n be 

direct on effect. The advantage 
is 

reviously 
using the uncoated lens. Th rence is consistent with 
what is expected from using an n coating. 

rec

 detecti

is diffe
ti-reflectio

hich is on average 25% lower than what measured 
previously.  

By applying a different characterization method [5] we can 

measure directly DSB
recT , without suffering from the direct 

detection and the instability of the gas laser as well. At the 
bias voltage of 0.6 mV we measure the receiver output power 
as a function of bias current, which is the result of varying 
LO power. Two such data sets are recorded, Pout,hot(I) 

responding to the hot load and Pout,cold(I) to the cold load. The 
Y factor ca obtained by Y(I)= Pout,hot (I)/Pout,cold (I) at the 
same current using the fitted polynomial curves. The 

calculated DSB
recT as a function of bias current is plotted in Fig. 

5 and shows a broad minimum at the bias current of around 
34 A and the lowest value of 1550±50 K. This is in good 
agreement with the value measured in the conventional way, 
but after correcting the 

the high accuracy. Furthermore, the mixer conversion loss 
is found to be 8.9 dB. 

  Now we measure DSB
recT of the same HEB, but mounted 

on the coated Si lens. Again, we measure at the optimum bias 
voltage of 0.6 mV. The data are added in Fig. 5. For clarity, 
the receiver output power data as a function of current, 
responding to hot/cold loads, have an offset positively by 2 

dB. The lowest DSB
recT  obtained is 1150±40 K, which is about 

23 % lower than the value (1550 K) measured p
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 2 % during the 
measurement period in Fig. 6, which indicates reasonable 
power stability of the 5.25 THz lasing line. 

 
Fig. 4 Measured receiver output power (left axis) responding to the hot and 
cold load at optimum LO power as a function of bias voltage. One set of data 
are measured with fixed LO power level, and another set (2 dB positive 
offset for clarity) by adjusting LO po
hot and cold loads. The re
plotted vs. bias voltage (right axis)

C. Direct Detection 

Fig. 6 shows measured receiver output power, together 
with the DC current of the HEB, as a function of time over a 
period of 150 seconds, during which the hot and cold loads 
are manually switched after roughly each 5 seconds. The 
HEB in this case is mounted on the coated lens. The bias 
voltage is fixed at 0.8 mV and the LO power set at the 
optimal value. The periodic jumps of  0.3 dB in the output 

power between the hot and cold load should reflect directly 
how large the Y-factor is. However, the actual value is 
affected by the direct detection effect [25]. This effect is 
demonstrated by the observed jumps in the current, which is 
about 1.2 A in amplitude. In principle, the direct detection 
effect can be minimized or eliminated

ackbody radiation power, for example, by adding a narrow 
bandpass filter in front of the mixer [24]. 

The absolute value of the bias current corresponding to 
either the hot or cold load varies less than
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Fig. 5 Measured receiver output powers at the optimum bias voltage of 0.6 
mV (dots) and the polynomial fit (lines) responding to the hot and cold load 
as a function of bias current of the HEB, which is varied by changing the LO 
power (left axis). One set of data are measured using uncoated lens and 
another set of data (2 dB positive offset for clarity) are m
coated lens. The resulted DSB receiver noise te
shown as a function of bias current of the HEB (right axis)

D. Beam Patterns of the Lens/Antenna 

The far-field beam patterns of the same HEB mixer on the 
uncoated Si lens are measured at several frequencies from 2.5 
to 5.3 THz using a computer controlled setup as described 
previously [26]. We apply the same gas laser as a signal 
source to measure the beams of the mixer. The HEB cryostat 
is placed on a rotation/tilt table in the far-field of the gas laser, 
which has a linearly 

rection. The center of the spiral antenna is located in the 
axis of the rotation.  

The HEB is heated to a temperature which is slightly 
below the superconducting transition temperature of the NbN 
bridge Tc3. It is voltage biased and the current changes due to 
the modulated incident power are measured as a function of 
the angle of rotation/tilt by a lock-in amplifier. The tilt 
movement is referred to as vertical scan and the rotation as 
horizontal scan. The dynamic range of the setup is about 20 
dB. The antenna is positioned in such a way that the d

ng the NbN bridge width is about 30 degrees counter 
clockwise from the vertical direction of the setup.  

Fig. 7 shows the beam patterns, measured in both 
horizontal and vertical directions of the integrated 
lens/antenna at 2.5 THz, 4.3 THz and 5.3 THz. The main 
lobes are similar in horizontal and vertical scans, which 
indicate that our beam patterns are close to rotational 
symmetry. The full width half maximum (FWHM) at 5.3 
THz is 0.6 degree, which is similar to 0.55 degree at 4.3 THz, 
but smaller than 0.9 degree at 2.5 THz. At such high 
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frequencies the beam pattern of integrated lens antenna is 
diffraction limited, which scales with the wavelength and the 
effective aperture. The main beam becomes narrower from 
2.5 to 4.3 THz due to wavelength, while it is almost the same 
between 4.3 THz and 5.3 THz, indicating the effective 
aperture at 5.3 THz is smaller. The difference in the side 
lobes is likely due to combination of antenna misalignment, 
IF feed structure and the measurement setup. Especially at 
5.3 THz the beam profile in vertical scan has a large shoulder 
[see Fig. 7(c)], the reason for which is unclear yet. The first 
side lobes at 2.5 THz, 4.3 THz and 5.3 THz occur at -13, -11 
and -7 dB, respectively, which increases with increasing the 
frequency [27]. The physical reasons of this are the internal 
reflection and surface roughness [28], [29]. Although the 
beam patterns are not ideally Gaussian, the measured beam 

ns of the lens/antenna
ated beam, which is cru

patter  combination confirm the 
collim cial to correctly measure 

using the vacuum setup. DSB
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Fig. 6 Measured receiver output power, together with the bias current of the 
HEB, is measured as a function of time over a period of 150 seconds, during 
which the hot and cold load are manually switched after roughly each 5 
seconds. 

ed a h

d allow
constructing new receivers [30] for detecting OI line at 4.7 
THz for future airbo lescopes.  

change Programme executed by KNAW and CAS, 

and by the AMSTAR+ project of RadioNet under FP7 and 
N.W.O. 

 

VI. CONCLUSIONS 

We have demonstrat ighly sensitive NbN HEB mixer 
at 5.25 THz using a spiral antenna coupled NbN HEB. We 

measured the lowest DSB
recT of 1150 K at 5.25 THz. It is 

worthwhile to note that the sensitivity at 5.3 THz is about 65 
times better than the Schottky diode mixer at 4.7 THz [9]. 
We also present the far-field beam pattern of the mixer at 
5.25 THz, which shows a collimated beam with the side lobe 
occurring roughly at -7 dB level. With further improvement 
of the beam pattern, such a mixer together with recently 
developed THz quantum cascade lasers as LO shoul  

rne and space-borne te
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Fig. 7 Measured far field beam patterns of the HEB mixer on the uncoated Si 
lens, which are the same as used for the sensitivity measurements, at 2.5 
THz (a), 4.3 THz (b), and 5.3 THz (c). The scans are made fo

 The horizontal scan
ertical scan by red 

REFERENCES 
[1] D. Meledin, A. Pavolotsky, V. Desmaris, I. Lapkin, C. Risacher, V. 

Perez, D. Henke, O. Nystrom, E. Sundin, D. Dochev, M. Pantaleev, M. 
Fredrixon, M. Strandberg, B. Voronov, G. Goltsman, and V. Belitsky, 
IEEE Trans. Microwave Theory Tech. 57, 89 (2009). 

[2] J. Kawamura, R. Blundell, C.-Y. Tong, D. Papa, T. Hunter, G. 
Goltsman, S. Cherednichenko, B. Voronov, and E. Gershenzon, 

thProceedings of 9  International Symposium on Space Terahertz 
Technology, Pasadena, California, USA, 17-19 March 1998 
(unpublished), pp. 35-43. 

[3] M. C. Wiedner, G. Wieching, F. Bielau, K. Rettenbacher, N. H. 
Volgenau, M. Emprechtinger, U. U. Graf, C. E. Honingh, K. Jacobs, 
B. Vowinkel, K. M. Menten, L.-A. Nyman, R. Gusten, S. Philipp, D. 
Rabanus, J. Stutzki, and F. Wyrowski, A&A., 454, L33 (2006). 

[4] S. Cherednichenko, V. Drakinskiy, T. Berg, P. Khosropanah, and E. 
Kollberg, Review of Scientific Instruments, 79, 0334501 (2008). 

[5] P. Khosropanah, J. R. Gao, W. M. Laauwen, M. Hajenius, and T. M. 
Klapwijk, Appl. Phys. Lett. 91, 221111 (2007). 

224



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010 

 

 G. de Lange, J. Appl. Phy

).  
 H.

J, 464, L83 (1996). 

g, F. D. Tichelaar, J. R. Ga

 The Netherlands, 28-30

/a) +(y/b) =1 with a ma

mm is 35 mm away from the cryostat (the

d 230 mm, respectively, away

d Simulation, see

etts. 13, 376 (2003). 
[17 J. D. Dyson, IRE Trans. Antennas and Propagation, 7, 181 (1959). 

be, M. Birk, G. Wagner, A. 

, 41 (2001). 

J. A. Baselmans, A. Baryshev, J. R. Gao, T. M. 

, A. Baryshev, S.F. Reker, M. Hajenius, J.R. Gao, 

 of 12th 

on, 

 Netto, A. L. Reynolds, R. 

s, B. Gunther, A. Smirnov, 

. Klapwijk, A. J. L. Adam, T. O. 
Klaassen, B. S. Williams, S. Kumar, Q. Hu, and J. L. Reno, Appl. 
Phys. Lett. 86, 244104, 2005. 

 

[6] J. W. Kooi, J. J. A. Baselmans, J. R. Gao, T. M. Klapwijk, M. 
Hajenius, P. Dieleman, A. Baryshevm, and s. 

[1

101, 044511 (2007).  
[7] S. Cherednichenko, P. Khosropanah, E. Kollberg, M. Kroug, H. 

Merkel, Physica C, 372-376, 407 (2002
[8] R. Gusten, P. Hartogh, H.-W. Hubers, U. Graf, K. Jacobs, P. Poser, Semenov, G. Goltsman, B. Voronov and E. Gershenzon, Infrared 

Physics & technology, 42F. Schafer, R. Schieder, R. Stark, J. Stutzki, P. Van der Wal, and A. 
Wunsch, Proc. SPIE, 4014, 23 (2000). 

[9] R. T. Boreiko and A.L. Betz, Ap
[10] J. R. Gao, M. Hajenius, F. D. Tichelaar, T. M. Klapwijk, B. Voronov, 

E. Grishin, G. Gol’tsman, C. A. Zorman and M. Mehregany, Appl. 
Phys. Lett. 91, 062504 (2007), 

[11] T. Aggarwal, P. Khosropanah, W. Zhan o, 

M

and T. M. Klapwijk, Proceedings of 19th International Symposium on 
Space Terahertz Technology, Groningen,  

Klap

April 2008 (unpublished), pp.398-402. 
[12] The heat filter has an upper cutoff frequency of 6 THz and 0.8 dB loss 

at 5.25 THz and is produced by QMC Ltd. 
[13] HEB chip is placed on the backside of an elliptical Si lens, which is 

governed by the equation of (x 2 2 jor radii International Symposium on Space Terahertz Technology, San Diego, 
California, 14-16 February 2001(unpublished), pp.193-199. 

[27] H.-W. Hüber, A. D. Semenov, H. Richter, J. Schubert, S. Hadjiloucas, 
J. W. Bowen, G. N. Goltsman, B. M. Voronov, and E.M. Gershenz

b=5.228 mm and a minor radii a=5 mm. The extension from 
geometric center of the elliptical lens is 1.229 mm and the Si substrate 
of the HEB chip is 340 m thick. 

[14] Vacuum unit consists of a beam splitter (which is changeable), a hot 
and cold load, and a rotating mirror. The beam splitter (3-m Mylar) 
with a diameter of 22  

Proc

position of the window if it is there). The hot and cold load with 
diameters of 30 mm are 140 mm an  

M. H

from the cryostat.   
[15] 3D Full-wave Electromagnetic Fiel  K. S

http://ansoft.com/products/hf/HFSS/. 
[16] W. Zhang, C-.Y. Edward Tong, and S. C. Shi, IEEE Microwave & 

Wireless Components L
] 

8] P. Focardi, A. Neto, W. McGrath, IEEE Trans. Microwave Theory 
Tech. 50, 2374 (2002). 

[19] E. L. Kollber, K. S. Yngvesson, Y. Ren, W. Zhang, P. Khosropanah, 
and J. R. Gao, (unpublished). 

[20] H.-W. Hüber, J. Schubert, A. Krab

[21] R. Barends, M. Hajenius, J. R. Gao, and T.M. Klapwijk, Appl. Phys. 
Lett. 87, 263506 (2005). 

[22] H. Ekstrom, B. Karasik, E. Kollberg, and S. Yngvesson, IEEE Trans. 
icrowave Theory Tech. 43, 938 (1995). 

[23] A. R. Kerr, IEEE Trans. Microwave Theory Tech. 47, 325 (1999). 
[24] M. Hajenius, J. 

wijk, J. W. Kooi, W. Jellema, and Z. Q. Yang, J. Appl. Phys. 100, 
074507 (2006). 

[25] J. J. A. Baselmans
T.M. Klapwijk, B. Voronov, and G. Goltsman, J. Appl. Phys. 100, 
084510 (2006). 

[26] P. Yagoubov, W.J. Vreeling, and P.de Korte, Proceedings

eedings of 12th International Symposium on Space Terahertz 
Technology, San Diego, California, 14-16 Feb 2001, pp.286-296. 

[28] M. J. M. van der Vorst, P. J. I. de Maagt, A.
eeres, W. Luinge, and M. H. A. J. Herben, IEEE Trans. 

Microwave Theory Tech. 49, 1118 (2001). 
[29] A. D. Semenov, H. Richterm H.-W. Hüber

. Il’in, M. Siegel and J. P. Karamarkovic, IEEE Trans. 
Microwave Theory Tech. 55, 239 (2007). 

[30] J. R. Gao, J. N. Hovenier, Z. Q. Yang, J. J. A. Baselmans, A. 
Baryshev, M. Hajenius, T. M

225



226



Session S10:

THz Systems and

Planetary Missions

227



The Background-Limited Infrared Submillimeter
Spectrograph (BLISS) for SPICA

C.M. Bradford∗, on behalf of the BLISS-SPICA study team
∗Jet Propulsion Laboratory, Caltech, Pasadena, CA

Email: bradford@submm.caltech.edu

Abstract

With the advent of new large-format far-IR / submm arrays, imaging surveys are revealing hundreds of
thousands of dusty galaxies from the first half of the Universe’s history when the bulk of star formation and
black hole growth likely occurred. The key to studying these objects is spectroscopy in the rest-frame mid- to
far-IR. Fine-structure and molecular transitions in this waveband are largely unaffected by dust extinction and
the suite of lines provides redshifts and reveals the properties of the embedded stellar and black-hole energy
sources. We have developed BLISS to provide a breakthrough capability for far-IR survey spectroscopy at
wavelengths between JWST and ALMA. SPICA’s large cold aperture allows mid-IR to submm observations
which are limited only by the natural backgrounds, and BLISS-SPICA is 6 orders of magnitude faster than
the spectrometers on Herschel and SOFIA in obtaining full-band spectra. The sensitivity allows study of
galaxies at all epochs back to the first billion years after the Big Bang (z∼6), making BLISS-SPICA the
ideal platform for spectroscopic follow-up for the wide variety of sources now being discovered with far-IR
and submm imaging.

BLISS provides instantaneous coverage from 38–433 µm using ten grating spectrometer modules
coupling 2 sky positions in 5 wavelength bands. The instrument is cooled to 50 mK for optimal sensitivity
with an on-board magnetic refrigerator. The detector package is 4224 silicon-nitride micro-mesh leg-islolated
bolometers with superconducting transition-edge-sensed (TES) thermistors, read out with a cryogenic time-
domain multiplexer. All technical elements of BLISS have heritage in mature scientific instruments, and
many have flown. We are now engaged in a design study to optimize performance while accommodating
SPICA’s constraints, including the stringent cryogenic mass budget. We present our progress in all key
aspects: 1) science requirements and the opto-mechanical instrument architecture, 2) detector and readout
approach, and 3) sub-K cooling approach, including mitigation of magnetic interference.

Figure 1. BLISS-SPICA is 100–1000 times more sensitive than present-day far-IR facilities for spectroscopy. Observing
speed scales as the inverse square of the plotted sensitivity. The dashed curved at bottom is the photon background limit,
the heavy curve above it is the BLISS design sensitivity. Fine-structure line intensities are shown as dots colored to denote
redshift (and age of the Universe), assuming Lline=109L�. BLISS also has excellent sensitivity to broad features such
as the PAH bands—a redshifted L=1012L� galaxy template is plotted, with flux scaled to show the BLISS sensitivity
when binned to R=60.
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Abstract— Superconducting heterodyne receiver has played a 
vital role in the high resolution spectroscopy applications for 
astronomy and atmospheric research up to 2THz. NbN hot 
electron bolometer (HEB) mixer, as the most sensitive mixer 
above 1.5THz, has been used in the Herschel space telescope for 
1.4-1.9THz and has also shown an ultra-high sensitivity up to 
5.3THz. Combined a HEB mixer with a novel THz quantum 
cascade laser (QCL) as local oscillator (LO), such an all solid-
state heterodyne receiver provides the technology which can be 
used for any balloon-, air- and space-borne heterodyne 
instruments above 2THz. Here we report the first high-
resolution heterodyne spectroscopy measurement using a gas 
cell and using such a HEB-QCL receiver. The receiver employs 
a 2.9THz metal-metal waveguide QCL as LO and a NbN HEB 
as a mixer. By using a gas cell filled with methanol (CH3OH) gas 
in combination with hot/cold blackbody loads as signal source, 
we successfully recorded the methanol emission line around 
2.918THz. Spectral lines at different pressures and also 
different frequency of the QCL are studied. 
 

I. INTRODUCTION 
High-resolution spectroscopy, as a technology to study the 

rotational lines from ions, atoms and molecules, plays a vital 
role in atmospheric and astronomical research at terahertz 
frequency in space. Heterodyne spectroscopy based on 
superconducting heterodyne receiver provides the most 
promising performance for its nearly quantum limited 
sensitivity and ultra high spectral resolution (ν/∆ν>106, where 
ν is the frequency). A superconducting HEB mixer has 
shown a superior sensitivity up to 5.3THz [1].  Availability 
of suitable local oscillator sources (LOs) above 2THz 
becomes the only limiting factor for the future applications. 
Thanks to the recently developed terahertz QCLs [2], we 
have a promising candidate. THz QCLs, compared with other 
sources such as solid state THz sources based on multipliers 
and optically pumped gas lasers, they show advantages with 
regard to the output power, frequency coverage, compactness, 

and power consumption. Until now, THz QCL has 
demonstrated performances such as covering almost the 
whole THz frequency range [3], peak emission power over 
100mW [4] and maximum operating temperature 190K in 
pulse mode [5]. It has been proved to be a suitable source for 
various applications such as sensing, imaging [3], gas phase 
spectroscopy [6], and LO for a heterodyne receiver [7,8]. 
Besides, THz QCL has exhibited excellent power stability [7], 
phase-lock capability [9], and narrow intrinsic linewidth [10], 
which meet essentially the requirements as a LO. Many 
experiments have been reported to demonstrate the suitability 
of a QCL as LO, however, no truly heterodyne spectroscopic 
measurement using a QCL as LO has been reported until now. 
In this paper we present the first high resolution 
spectroscopic measurement at 2.9THz using a gas cell 
containing methanol and using a double sideband heterodyne 
receiver based on a THz QCL as LO and a NbN HEB as 
mixer. 

II. THZ QCL 
The QCL used in this experiment is a metal-metal 

waveguide QCL, developed by Qing Hu’s group at MIT. It is 
based on resonant phonon scattering as described in reference. 
11. The active region contains 176 GaAs/Al0.15Ga0.85As 
quantum well modules. The 40μm wide ridge waveguide was 
cleaved at both ends to form a 1.18mm long Fabry-Perot 
cavity, and it is fabricated using a copper-to-copper 
thermocompression wafer bonding technique. The QCL is 
indium soldered on a copper mount and is mounted on the 
cold stage of a helium-flow cryostat. As shown in Figure 1, 
the QCL emits a single-mode emission line at 2.918THz in 
continuous wave mode. The spectrum was measured using a 
Fourier-transform Spectrometer (FTS) [12]. Latter has a 
spectral resolution of 0.7GHz, which is much larger than the 
intrinsic linewidth of the QCL, typically in the range of 6-
30KHz. In the current measurement, we used a free-running 
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QCL (namely without any stabilization on the 
phase/frequency and the amplitude), Based on the previous 
experience [9], due to the jitter we expect a linewidth of less 
than 1MHz in practice. The QCL provides a maximum 
output power of 1mW in the CW mode and at a temperature 
of 30K. Although the laser can be operated up to about 100K, 
in our experiment we operated the laser at the lowest 
temperature (~30K). 
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ig. 1  Measured emission spectrum of a THz quantum cascade laser biased 

III. HEB MIXER 
We use a NbN H nsists of a 2μm wide, 

0.

IV. MEASUREMENT SETUP 
The s gure 2. 

W

F
at 16.44V at a bath temperature around 30K in CW mode. It is measured 
with a FTS with a resolution of 0.7GHz. The inset shows simulated 
methanol (CH3OH) spectrum [15] for a 0.5m optical path length and gas cell 
pressure of 5.9mBar between 2916 and 2920GHz. 

 

EB mixer, which co
2μm long, and 5.5nm thick NbN bridge [13]. The bridge is 

connected with a tight winding spiral antenna, which is made 
of a 170nm thick Au layer, and has an inner diameter of 
6.6μm. This special design expands the cut off frequency up 
to 6THz [14]. The HEB has a low-temperature normal-state 
resistance (RN) of 83Ω, a critical temperature of 9.3K, and a 
critical current of 210μA at 4.2K. In a separate experiment 
[1], the mixer has shown superior sensitivities across the 
frequency range of 1.6-5.3THz, from which the receiver 
noise temperature (TN,rec) around 2.9THz is expected to be 
1000K [1]. 

pectroscopic measurement setup is shown in Fi
e use two separate L-He cryostats for QCL and HEB mixer, 

respectively. For coupling the THz radiation from free space 
to the antenna of the HEB mixer, we used an elliptical silicon 
lens without anti-reflection coating. The lens is placed in a 
metal mixer unit, which is mounted on the 4.2K cold plate of 
the cryostat. The THz radiation beam from the QCL firstly 
passes through the high-density polyethylene (HDPE) 
window of the QCL’s cryostat and then is focused with a 
HDPE (f=26.5mm) lens. As signal source, it is a combination 
of a gas cell and hot/cold blackbody loads. The gas cell is a 

50cm long cylinder with an inner diameter of 10cm (at room 
temperature). It has two HDPE windows with a thickness of 
1.5mm at two ends of the gas cell. The blackbody load is 
defined as a hot load at 295K and as a cold load at 77K. The 
gas we used is methanol (CH3OH), from which a few 
absorption lines are expected in the vicinity of the LO 
frequency [15]. The expected spectral lines with different 
strength are plotted in the inset of figure 1. By applying three 
valves for methanol gas (two) and vacuum pump (one), the 
gas pressure inside the cell can be controlled relatively 
accurately. The gas pressure in the cell is measured by a gas-
independent gauge [16]. The methanol emission lines and the 
QCL signal are combined by a 3μm thick Mylar beam splitter 
and are fed further into the HEB mixer.  The intermediate 
frequency (IF) signal is amplified first using a wide band low 
noise amplifier (0.5-12GHz) at 4.2K, and then followed by a 
room-temperature amplifier with 13dB attenuator in between. 
As back-end spectrometer, we used a Fast Fourier Transform 
Spectrometer (FFTS) [17], which is developed by MPIfR in 
Bonn. This FFTS provides 8192 channels for the frequency 
range of 0 to 1.5GHz, and thus gives a spectral resolution of 
183KHz. In order to match the optimal input signal intensity 
required by the FFTS a 6dB attenuator is employed, and to 
avoid aliasing effect a 1.5GHz low pass filter is added before 
the FFTS. 

 
(a) 

 
(b) 

Fig. 2  Picture (a) and Schematic b) of the heterodyne gas cell  view (
measurement setup. 
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V. RESULTS 
Before we perform spectroscopic measurement, we 

calibrated the sensitivity of the whole system at the optimal 
operating point (bias and LO power) for the HEB mixer. We 
measured first the receiver noise temperature for the case 
where the hot/cold loads are positioned just after the beam 
splitter, and found it to be 2500K. When the hot/cold loads 
are positioned after the gas cell, which is evacuated, the 
receiver (system) noise temperature increases to 3800K.  The 
difference between these two can be attributed to the loss due 
to two windows (2×0.9dB) of the gas cell and the additional 
loss due to the air in the optical pass. The value of 2500K is 
higher than other measurement [1], that can be attributed to 
the losses due to the window of HEB cryostat and the air, to 
non-optimised IF chain due to the use of the wide band low 
noise IF amplifier, and to the direct detection effect.  To 
measure the spectral lines of methanol, we used the same 
method as described in reference. 18. We record three IF 
noise power traces using the FFTS, which are: 1) the 
spectrum Semp77(f) when the cold load is behind the evacuated 
gas cell; 2) Sgas77(f) when the cold load is behind the filled 
gas cell; 3) Sgas300(f) when the hot load is behind the filled gas 
cell. All three traces are recorded when the HEB is operated 
at its optimal operating point. Each trace is measured by the 
FFTS with an integration time of 5 second. The brightness of 
the methanol emission lines in terms of temperature is 
calculated according to the following expression: 

gas77 emp77
gas cold hot cold

gas300 emp77

S (f) - S (f)
T (f)= T +(T -T )

S (f) - S (f)
 (1) 

where all the temperatures are the effective temperatures 
defined by the Callen-Welton form [19] because of  the THz 
frequency . 
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Fig. 3  Measured line spectra of methanol (CH3OH) gas within the IF range 
between 0.5 and 1.5GHz. The QCL’s frequency is 2918.053GHz and the gas 
cell pressure varies from 1.6mBar to 5.9mBar. The dash line indicates 
positions of the theoretical simulated methanol lines. 

 
By varying the gas pressure we are able to measure the 

methanol spectral lines at different pressures. Figure 3 shows 
such a set of spectra within the IF frequency range between 
0.5 to 1.5GHz and with increased pressures varying from 

1.6mBar to 5.9mBar. A relatively strong methanol emission 
line is found at an IF frequency of 907MHz, which is 
assumed to be the methanol line at 2918.96GHz in the upper 
sideband (USB) with respect to the LO frequency, as shown 
in the inset of figure 1. Since our receiver measures double 
sideband, we should see lines from both the upper side band 
and lower side band (LSB).  Three relatively weak lines, as 
shown in the inset of figure 1, were also successfully 
detected. Those are at 673MHz (lower sideband, LSB), 
1125MHz (USB) and 1273MHz (LSB), respectively. Having 
done such a comparison, we can also derive the QCL’s 
frequency that is 2918.053GHz, which agrees well with the 
frequency measured by FTS. 

Since the frequency of the QCL can be tuned slightly by 
varying its bias voltage, we can make use of this to have an 
additional check for the correspondence between the 
expected spectral of methanol and the measured ones. As 
shown in figure 4, the measured spectra are indeed varied by 
changing the bias of the QCL.  A detailed analysis shows that 
all those spectra correspond well to the predicted emission 
lines in the inset of figure 1. We find a tuning coefficient for 
this specific QCL to be about 550MHz/V. It is known that 
this is a compromise between the “red shift” caused by the 
thermal tuning and the “blue shift” due to the Stark effect by 
the bias [9].  
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Fig. 4  Line spectra of methanol (CH3OH) gas within the IF range between 
0.5 and 1.5GHz measured with different the bias voltage to the QCL. The 
different bias varies the QCL frequency a bit. Although the pressure is 
slightly different, the key point is the change of line positions. 

 
We have fitted the measured strong line at 907 MHz using 

a Lorentzian line profile. The result is shown in figure 5, the 
reasonable fitting quality suggests that measured line profile 
is Lorentzian. Theoretically, besides the pressure broadening, 
there are two main factors to determine the intrinsic methanol 
line profile. One is natural broadening and the other is 
Doppler broadening. The natural broadening process and 
pressure broadening both will give a Lorentzian line profile. 
For the second case, the Doppler broadening effect will 
impose a full width at half maximum (FWHM) of 200 KHz 
and should give a Gaussian line profile. Obviously this does 
not apply to our experiment. So in our case we should expect 
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a Lorentzian line profile and this is what we saw 
experimentally. 
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The work was partly supported by China Exchange 
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Abstract

We present a conceptual design for the input optical system for a multi-object spectrometer operating at
submillimeter wavelengths, which is well suited for use on the Cornell Caltech Atacama Telescope (CCAT)
or any other large single-dish telescope having a large fieldof view. The â̆AIJMirror MOSâĂİ is based
on a sequence of mirrors that enable low-loss propagation ofbeams from selected positions distributed
throughout the focal plane to the spectroscopic receiver inputs. Unlike the majority of millimeter and
submillimeter focal plane arrays built to date, the key requirement for a multi-object spectrometer is not
to get full sampling of a region of the sky, but to be able to observe selected sources that are sparsely
distributed over the relatively large area imaged to the focal plane. The approach we describe here should
be useful for observations of distant galaxies which have a relatively low density on the sky, but which
are very weak so that simultaneous observation of many sources results in a significant improvement in
telescope productivity. It is assumed that the candidate sources have been previously identified, so that their
coordinates are known. Our concept is based on assigning a patrol region to each of the receivers, which
have inputs distributed over the focal plane of the telescope. The input to each receiver can be positioned
at any point within this patrol region. This approach, with only 4 reflections, offers very low loss. In many
cases, a set of flat mirrors can be used, but employing focusing optics can make the system more compact.
A further advantage of using beam transformation is that a Gaussian beam optical system can be designed
to produce frequency-independent illumination of the telescope, which is an important advantage for very
broadband systems such those required for determination ofredshifts of submillimeter galaxies. We have
made calculations of the expected efficiency of such a MirrorMOS system with a range of patrol region
parameters, receiver number, and source density, and find that ∼ 80 percent utilization can be expected for
redshift determination from CO lines and reasonable estimates of submillimeter galaxies observed with a
25 m telescope observing in the 1mm atmospheric window.
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Abstract— We present calculations and measurements on a 

passive submillimetre wave spectroscopic sounder to gather 

data on the thermal structure, dynamics and composition of the 

upper atmosphere of a planet, e.g. the stratosphere of Jupiter, 

or the entire thickness of the atmosphere of Mars. The 

instrument will be capable of measuring wind speeds, 

temperature, pressure, and key constituent concentrations in the 

stratosphere of the target planet.  

This instrument consists of a Schottky diode based front end 

and a digital back-end spectrometer. It differs from previous 

space-based spectrometers in its combination of wide tunability 

(520-590 GHz), and rapid frequency switching between widely 

spaced lines within that range. This will enable near 

simultaneous observation of multiple lines, which is critical to 

the reconstruction of atmospheric pressure and density versus 

altitude profiles. At the same time frequency accuracy must be 

high to enable wind speeds to be determined directly by 

measurement of the line’s Doppler shift. 

I. INTRODUCTION 

Recently, NASA and ESA have turned their attention to an 

Outer Planet Flagship Mission (OPFM) to the Jupiter system, 

focusing on Ganymede, Europa and other Galilean moons, as 

well as Jupiter, and to the Saturn system focusing on the 

Titan. Both studies call for inclusion of a submillimeter 

spectrometer. The Jupiter measurements will greatly expand 

on those from the Juno mission currently being built, the 

prime target being Jupiter’s stratosphere. Titan measurements 

would concentrate on the upper atmosphere dynamics of 

hydrocarbon chemistry. Another possible target for a 

submillimetre wave spectrometer is Mars, whose atmosphere 

is thin enough to be observed all the way to the surface. 

Submillimetre spectral observations of these planets’ 

atmospheres will allow multiple physical properties of the 

atmosphere to be measured as a function of altitude and 

latitude/longitude: 

Concentration of various critical gases of interest 

Pressure 

Temperature 

Wind Velocity 

Fig. 1a shows a planet limb sounding observation, where 

the radiometer observes the atmosphere against the cold dark 

background of space. Fig. 1b shows a simulated line intensity 

profile for HCN (531.7 GHz) at two different altitudes over 

Titan and several mixing ratios (ratio of HCN to all gases). 

The 100 km lines are dominated by pressure broadening, the 

500 km line is entirely Doppler broadened. In between, the 

line shape is a combination known as the Voigt profile. By 

examining these line profiles as a function of hT, the 

minimum limb observation altitude, a model of the 

concentration/temperature/pressure profiles can be 

determined. 

In order to retrieve separate the signal pressure profile 

from the concentration profile, it is necessary to observe 

more than one line of the relevant gas species. Because of the 

rapid movement of the spacecraft at Mars or Titan, the 

spectrometer needs to switch rapidly from one to the other 

while integrating the signal to produce near simultaneous 

measurements before the spacecraft motion degrades the 

measurement. Wind velocity determination uses the Doppler 

effect to determine the relative radial velocity between the 

spacecraft and the spot in the atmosphere being observed. 

This paper examines the affect of system additive noise, 

phase noise, and line-to-line frequency switching on the 

quality of the measurement of the line profile and the line 

frequency accuracy. 

 
Fig. 1. (a) Limb sounding spectrometer configuration frequency. (b) 

A few spectral line profiles for HCN at Titan. 
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II. SYSTEM ADDITIVE NOISE 

The system under consideration is depicted in the block 

diagram of Fig. 2. The signal from the planet enters at the 

left, and is mixed in the mixer with a locally generated LO 

signal. The LO is derived from the ultra-stable oscillator 

(USO) primary frequency reference, and generated by a 

synthesizer at a frequency range around 30 GHz. From the 

synthesizer, the signal frequency is multiplied by the active 

millimetre wave/submillimeter wave chain by a factor of 18 

to the signal frequency. The mixer IF output is amplified and 

converted to the range of 0-125 MHz, digitized, and analysed 

by an FFT-type discrete Fourier transform (DFT) spectrum 

analyser, followed by additional signal processing to be 

described later. 

White noise from both the background of the observation 

and the mixer’s thermal and shot noise enters the system, 

where it adds to the desired signal, resulting in measurement 

uncertainty. This additive noise affects both the frequency 

estimate and the amplitude profile determination of the 

spectral line. 

A. Effect of system noise on frequency estimate  

The effect of Gaussian additive noise on the frequency 

estimate of a single line (less than a channel bandwidth wide) 

has been analyzed by [1, 2] for the idealized case of an 

infinitely narrow sinusoidal CW line. The minimum possible 

frequency uncertainty, known as the Cramers-Rao lower 

bound (CRLB)  [3] on the variance is given as:  

{ } ( )1ˆ

6
ˆvar

22

2

1
−

=
NNA

σ
ω    (1) 

Â is the amplitude estimate, �2 is the Gaussian noise 

voltage variance, and N the total number of points in the 

measurement. In the nomenclature of [1], the frequencies are 

normalized to the inter-sample time, T: 

Tf̂2ˆ
1 πω =  

To express the frequency uncertainty in terms of the 

system temperature, Tsys, some identities must be used. The 

total noise power �
2
, is the product of the total noise power 

density, kTsys, times the Nyquist bandwidth, 1/(2T), i.e. 

T

kTsys

2

2 =σ .   (2) 

As for most spectrometers N2
>>1 so the CRLB frequency 

variance can be expressed as 
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For a DFT spectrometer, the channel bandwidth is the 

inverse of the total measurement time for each spectrum, BC 
=1/(NT). In the measurement mode anticipated for the 

planetary spectrometer, successive measurements will have 

their power spectral densities summed [4]. Assuming these 

measurements are not correlated, frequency variance will be 

reduced the number of spectra averaged together, NS. With 

this in mind, define the total integration time as: 

C

S
SI B

N
NTN ==τ   (4) 

Finally the frequency uncertainty (deviation) is expressed 

as the square root of the variance, 
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where the last expression expresses the deviation in terms 

of the channel signal to noise ratio defined as the ratio of the 

line power (Â2/2) to the channel noise power: 

CsysBkT

A
SNR

2

ˆ 2

=   (6) 

Usually the only variable than can be manipulated for any 

particular measurement is the integration time, the others 

being set by practical considerations. 

B. Effect of system noise on line profile estimate 

The total power in a “limited-bandwidth” channel is given 

by Rice (Dover, etc.), who derived it in the context of a band-

limited square law device:  

2

ˆ 2
2 A

P C += σ ,    (7) 

which is the sum of the CW power and the channel noise 

power. The channel noise power, �C
2
, is the total noise power 

�
2 divided by the number of frequency channels: 

CsysC BkT
N

==
2

2
2 σ

σ , 

using the results from the previous section.  

The variance of P [5, eq 4-16] is, again taking into account 

averaging over NS records, 

{ } ( )22
2

ˆvar A
N

P C
S

C += σ
σ

.              (8) 

Note that if the channel contains pure noise, Â =0 and the 

deviation for a single measurement (NS=1) is 100% of the 

power, i.e. �C
2
. On the other hand, if Â 2

 >> �C
2
, the deviation 

 
Fig. 2. Block diagram of spectrometer. 
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is much higher, �C Â, since the power is the square of the sum 

of the line voltage and noise voltage. Expressing the channel 

power in terms of Tsys gives, for the power estimate deviation, 

{ } ( )2ˆvar}dev{ ABkT
N

BkT
PPP Csys

S

Csys
+==≡∆ .    (9) 

For Â ~0, the “signal” as well as the noise has a white 

spectrum, and it is sensible to define the power estimate 

deviation in terms of noise equivalent temperature difference: 

Ceq BTkP ∆=∆  

Putting this into (6) with Â =0, and using (2) to replace NS 

results in the radiometer equation: 

IC

sys
eq

B

T
T

τ
=∆   (10) 

Conversely, For Â 2
 >>�C

2
 it is more sensible to express 

the result as a relative power deviation, 
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with the last equivalence applying to the DFT 

spectrometer and including equations (4) and (6). 

III. PHASE NOISE  

In addition to the effect of AM noise on the frequency and 

line profile uncertainty, the effect of phase noise can be 

deteremined, in order to establish that the local oscillator 

does not degrade the measurement accuracy further. As 

depicted in Fig. 3, the LO phase noise profile is mixed with 

the input signal, polluting it. Since the mixer operates like a 

time domain multiplying element, the IF output is the product 

of the LO and RF signals in the time domain. Since the phase 

noise is described statistically in the frequency domain, the 

RF signal must be converted to frequency domain and, by the 

convolution theorem, the total signal is the convolution of the 

two. The phase-noise distorted IF signal is [3, p503] – 

( ) ( ) ( )�
∞
∞−

′′′−= fdfSffSfS RFLOIF        (12) 

For example, if the LO were a perfect sinusoid at 

frequency FLO, its Fourier transform would be 

( ) ( ) ( )LOLOLO fffffS −++= δδ  and the IF signal 

would simply be a phase shifted version of the RF and image. 

One problem presented by the phase noise is distortion of 

the RF signal. If a strong line is close to a weak one, the 

phase noise will spread out the line, increasing the chance of 

it interfering with the weak one.  

Besada [6] came up with a similar criterion based on an 

effective spectrometer channel filter. He noted that the output 

of one channel of the spectrometer would be: 

( ) ( ) ( ) ( )�
∞
∞−

′′′−= fdfSffSfHfS RFLOIF
2

, (12a) 

similar to equation (12) but including the filter 

transmission function H(f). The total channel output power is 

then given by an additional integration: 

( ) ( ) ( )[ ]dffdfSffSfHP RFLO� �
∞
∞−

∞
∞−

′′′−=
2

. 

Now reverse the order of integration: 

( ) ( ) ( )[ ] fddffHffSfSP LORF ′′−′= � �
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∞
∞−

2
 

which is a convolution of the RF signal with the IF 

channel response: 

( ) ( ) ( )�
∞
∞−

′′′−= fdfHffSfS LOCHAN
2

.     (13) 

This is just equation (12) substituting the RF line profile 

SRF with the channel profile, |H(f)|2. Note that all of these 

spectral densities are two sided, integrated from –∞ to +∞. 

Hence, they should be determined from the normal one-sided 

density by dividing by two. Also, SLO(f) is assumed even in f. 
The convolution of equation (13) can be used to calculate 

the distortion of the filter profile of the spectrometer channel, 

|H(f)|2 in the output response, SCHAN by the phase noise, SLO. 

If SLO were an ideal delta function SCHAN would be the same 

as |H(f)|2. In order to determine SLO it is necessary to 

determine the effect of multiplication of the LO signal source 

up to the submillimetre wave signal frequency on the known 

(specified) low frequency LO source. According to the 

simple model proposed by Walls and DeMarchi [7, 8] the 

phase noise of a typical source can be divided into a central 

“carrier” where the carrier is sharply peaked at low Fourier 

frequencies < fp, and the pedestal continues relatively flat out 

to some much higher frequency B. fp might be around 1 kHz, 

B around 1000 kHz. See Fig. 4. As long as fp is much smaller 

than the channel bandwidth (as in our case) the phase noise 

effect can be parameterized in terms of the total phase 

variance of the pedestal region, defined as: 

( )�
∞

=Φ
0

dffS p
p φ ,         (14) 

 
Fig. 4. LO phase noise spectrum, showing carrier in center and 
“pedestal”. Based on [9]. 

 

Fig. 3. LO Phase noise convolves with spectral lines to distort them. 
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where the parameter 2
pp φ≡Φ is the total integrated 

phase error in the pedestal and the sub- or superscript p refers 

to the pedestal. (Note that Walls and Dimarchi have the 

integration carried out from fp, though Bava starts at 0. Since 

the pedestal has almost no power in the low-frequency-offset 

carrier region, the difference is inconsequential.) 

Since multiplication into the submillimetre wave range by 

a factor of N increases the phase noise by N2
, the normal 

small angle approximation where SLO = S� is longer valid. 

Instead, the normalized carrier power (carrier power to total 

power) can be approximated: 

( )pcP Φ−= exp ,      (15a) 

Then the normalized pedestal power is: 

( )pcp PP Φ−−=−= exp11 .      (15b) 

At low phase noise levels (�p << 1) Pc�1 and Pp��p. As 

the phase noise levels increase with multiplication to higher 

frequencies, signal power is transferred from the carrier to 

the pedestal, broadening it. The model assumes that S� is not 

affected by multiplication, other than the general 20logN 

increase: 
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BfBBf

S
fS p

p
p

+

Φ
=

+
=

π
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assuming the pedestal exhibits a Lorentzian frequency 

dependence with 3-dB half-width bandwidth B, though 

exponents other than 2 could also be used. 

To calculate the effect of phase noise on the power in the 

spectrometer channels, we want to determine SLO. Walls and 

DeMarchi noted that the pedestal at frequencies well below 

its bandwidth followed a simple law: 

( )
p

p
LO B

P
S p

Φ
=

π

22
0  

Assume the pedestal has continues to exhibit a Lorentzian 

frequency profile at high phase noise levels with a two-sided 

bandwidth ��p, the complete power spectrum of the pedestal 

can be determined by combining the three previous equations 

and noting that SLO integrated from 0 to ∞ gives the total 

pedestal power Pp: 
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with the full-width bandwidth of: 

( )p

p
p B

Φ−−

Φ
=∆

exp1
2ν  

Note that for small values of the total phase error, �p, SLO 

�S�, and ��p�2B. The model is valid until approximately 

half the average power density is in the pedestal so that  

( )
c

p
p

ν

ν

∆

∆
=Φ−exp  

where the carrier linewidth, ��c is defined by [7, eqn (19)]: 
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More generally, if the carrier noise profile can be modelled 

as S�(f) = K–� f–�
 , where K–� is determined from the 

magnitude of S� at some frequency then,  
( )11

2ln

1
2

−

− �
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A. Effect of phase noise on spectrometer channel amplitudes 

Fig. 5(a) shows a generic frequency synthesizer phase 

noise spectrum S� at 30 GHz, as well as the frequency 

multiplied version at 540 GHz, with N=18. The pedestal SLO 

is also shown. In addition, S� and pedestal SLO for a 

synthesizer with 20 dB worse phase noise is shown 

(multiplied only) demonstrating the widened pedestal for �p 

= 12. Shown in Fig. 5(b) are the dependencies on total phase 

error of the carrier power, pedestal power and SLO pedestal 

bandwidth relative to S� pedestal bandwidth. 

 
       (a)         (b) 

Fig. 5. (a) Synthesizer phase noise at 30 GHz compared to phase noise when multiplied to 540 GHz. For comparison, multiplied noise of a synthesizer 

with 20 dB more noise is shown. (b) Dependence of carrier power, pedestal power and pedestal bandwidth on phase error. 
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The results of the convolution calculation in equation (13) 

are shown in Fig. 6, demonstrating the distortion of the 

spectrometer line profile due to three levels of total phase 

error. The �p = 0.1 line is faithful to the ideal down to about -

10 dB, but the �p = 1.1 line has leaked half the power of the 

channel into its neighbours.  The �p = 12 profile is only 

barely recognizable as a channel filter response.  

These results argue that that the phase error should be 
less than about 0.1 rad2 to yield accurate line profiles. 

A. Effect of phase noise on frequency estimation 

To estimate the effect of phase noise on frequency 

measurement over some period of time, several frequency 

uncertainty measures can be used. One that is commonly 

adopted is the Allan or two-measurement variance, defined 

as: 

( ) ( ) ( )[ ]21
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where ( ) 0νντ kky = is the kth normalized frequency 

measurement averaged over time �, and 0ν is the frequency 

average over all measurements. Over long periods of time 

(tenths of seconds on up) the Allan variance can be 

determined from sequential time interval (phase) 

measurements. For shorter intervals, the Allan variance can 

be calculated directly from the phase noise spectrum [9]: 
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In oscillator and synthesizer phase noise specifications and 

measurements, the phase noise density is often expressed 

using the symbol �, to match what would be observed on a 

spectrum analyzer. Since S� includes the phase noise in both 

sidebands, �� � S�/2 [10]. To model the LO phase noise 

spectrum we break it into segments with fixed power 

frequency dependencies: 
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where �k is the phase noise at a reference frequency fk with 

a frequency dependence of f–� 
over

 
the frequency range 

stretching from f1,k to f2,k. In the literature [9, 11] the values of 

the integral in equation (1b) are tabulated for single values of 

� assuming that they stretch from 0 to infinity. More 

complicated formulae can be derived for finite length 

segments, each segment having an Allan variance of: 
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The oscillator phase noise spectrum can then be fit 

approximately by a piecewise f –�
 series and integrated from 

0 to some high frequency limit, fh.  

As an alternative, equation (19) can be integrated directly. 

However, at frequencies above 10/� or so, the sine factor in 

(19) oscillates so rapidly that it is difficult to integrate 

numerically. To solve this problem, the integral can be 

divided up in to a region with frequencies below 10/�, 

integrated with the full integrand, and a region above 10/�, 

where the oscillatory integrand is approximated by its 

average, 3/8. 

Fig. 7 shows the result of the integration for two values of 

multiplied synthesizer phase error, 0.1 and 11 rad2. For 

comparison some modern commercial USOs and the 1970s 

era Galileo-Jupiter USOs are also plotted. The broken trace 

labelled SPACES is calculated from the 540 GHz phase 

noise measurement on the breadboard spectrometer described 

later.  

These numbers can be compared to the frequency accuracy 

required to achieve the desired wind velocity resolution. The 

Doppler relative frequency shift is the velocity divided by the 

speed of light, c, the velocity resolution �V is given by: 

0ν

f
cV

∆
=∆  

  For a typical desired wind velocity resolution of 3 m/s, 

the frequency must be accurate to 10
-8

. Note that all traces in 

 
Fig. 6. Spectrometer profile distortion due to phase errors of 0.1, 1.1 

and 11 rad2 compared to the ideal line. 

 
Fig. 7. Frequency Allan deviation due to high  (�p = 11) and low (�p 

= 0.1) phase noise sources, compared to several USOs and the 

breadboard measurements. 
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Fig. 7 are well below the range of 10-8 on these time scales. 

On longer time scales the frequency accuracy is dominated 

by the long term drift of the USOs. Over those time scales 

(years) other methods can be used to ensure that the USO 

frequency is determined and corrected for.  

A synthesizer that satisfies the total phase error �p < 0.1 
rad2 requirement discussed earlier will meet frequency 
accuracy requirements of 10-8 as long as the measurement is 
made for longer than a millisecond or so. 

One further point to note: the segment of the Allan 

deviation dominated by synthesizer phase noise (� < 1 

second) has a 1/� integration time dependence, as opposed to 

the � -1/2 dependence predicted by the white AM noise 

equation (5) presented earlier. 

 

IV. BREADBOARD MEASUREMENTS 

To demonstrate that the planetary submillimetre wave 

spectrometer will work according to the requirements 

described above, a laboratory breadboard version has been 

built under a NASA Planetary Instrument Design and 

Development and Program contract. The breadboard is 

depicted in Fig. 8, which shows the synthesizer to the right, 

the front end multiplier chain and mixer in the middle facing 

the test source which made of an Agilent synthesized signal 

generator and sub millimeter chain at the middle left. Behind 

the test source is the 5 GHz IF second downconverter, which 

feeds a 0-125 MHz digitizer board that is part of the control 

computer, a standard PC to the right, out of the picture. 

The digitization occurs at 250 Megasamples/second, and 

the spectra are generated by an FFT software algorithm, 

including a Hanning window to reduce side lobe generation. 

The LO synthesizer operates in the 30 GHz band, and is 

followed by an attenuator and a frequency tripler to raise the 

frequency to 100 GHz, where the signal is amplified to feed 

the X2X3 Schottky multiplier chain [12] to pump the mixer. 

The mixer is a balanced fundamental type [13, 14]. 

In these tests, the 540 GHz test signal is received at a 

frequency of 70 MHz. A single 4096-frequency spectrum 

using 32.8 	s of data and channel width of 30.5 kHz appears 

in Fig. 9. This is zoomed in to the region around 70 MHz, 

and it and the approximate signal-to-noise ratio of 20 dB is 

marked. 

To assess the effect of switching frequencies rapidly, a 

continuous measurement was made for 6.3 seconds while 

switching LO frequencies approximately every 21 ms 

between 540 and 570 GHz, yielding 3.15 seconds of data for 

each frequency. In order to process these spectra, the line 

amplitude and frequency must be estimated from the FFT 

spectra. 

 
Fig. 9. A portion of a single spectrum showing the test signal at the 70 MHz 2n IF frequency. 

 
Fig. 8. Submillimeterwave Planetary Atmospheric Chemistry Exploration Sounder (SPACES) laboratory breadboard. 
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A. Frequency and channel power estimators 

In order to estimate the frequency and power in the CW 

test signal this an interpolation algorithm was used on the 

FFT data [15-17] starting with the amplitudes calculated 

from the spectrometer having NC channels, |Xk|, k=1..NC. 

1. Find maximum magnitude peak, |Xk|, and the largest 

adjacent sample, |Xk+�)|, where � = ±1. 

2. Define: 

k

k

X

X αγ +=   

3. Calculate 
, the frequency offset from the center of the 

kth channel. For a DFT spectrometer with a Hanning 

window: 
γ

γ
αδ

+

−
=

1

12 . 

4. The frequency estimate is given by ( ) CT Bkf δ+= , 

where BC is channel bandwidth. 

5. For Hanning windowed data the amplitude estimate [15]: 

( ) kT XX 21
sin

δ
πδ

πδ
−=  

A three-point interpolator calculated from the peak 

magnitude, |Xk| and the two adjacent frequency magnitudes, 

|Xk�1| and |Xk+1| could be used [16, 18]. However, [17] notes 

that with reasonable SNR, this does not add substantially to 

the accuracy. The three-point interpolator was tried, but 

yielded results that differed by only a few percent from the 

two-point interpolator above. 

B. Measurement results 

Fig. 10 shows the 3.15 seconds of accumulated relative 

frequency and power data, comparing the switched data with 

a steady (unswitched) data set taken without changing LO 

frequency. For comparison to the 3 m/s velocity resolution 

requirement described earlier, the frequency data have been 

converted from frequency deviations to “velocity” deviations 

via multiplication by the speed of light, 3X10
8
 m/s. Each 

point is the average of the frequency (or power level) over 

the entire 18 ms record between switches. (The first 3 ms of 

data after each frequency switch is deleted to allow the 

synthesizer to settle on the new frequency). 

Two things are apparent: first, there is a secular drift in 

both data sets, but more pronounced in the switched data. 

This is due to the unfortunate fact that the synthesizer has its 

own TCXO reference, and is not lockable to the main system 

reference as are the test generator and 5 GHz 2
nd

 

downconverter. As the synthesizer generates a fair amount of 

heat during the test, the lower amount of drift during the 

switched test is almost certainly due to the fact that the 

system stabilized during the steady test, which was 

performed directly preceding the switched test. 

A second observation: other than the drift, there is no 

apparent difference between the steady and switched data. 

The Allan deviation data depicted in Fig. 11 show a 

different story. As with the plots of Fig. 10, the relative 

power deviation shows very little difference between 

switched and steady data sets. However, the frequency 

deviation data show a large difference, especially in the 

 
Fig. 10. Relative frequency (converted to velocity) and power plots over 3.15 seconds of observation. 

 
Fig. 11. Allan deviation comparison for frequency (top) and power 

(bottom). 
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regime between about a half millisecond and 10-20 ms. A 

close up of the frequency deviation data during several 

switching sequences (Fig. 12) indicates the source of the 

problem. The frequency synthesizer requires longer than 2.5 

ms to settle on the new frequency after switching, requiring 

about 10 ms instead. The original specification on the 

synthesizer was 100 ms. This variation would seem to 

compromise the use of frequency switching to accommodate 

the science requirements. However, the use of longer 

integration times between switching (100 ms) is acceptable 

(at Mars, at least), which eliminates the problem, as long as 

the settling time is accounted for. 

Plotted with the measured Allan deviation is the results of 

equations (5) and (11) earlier for the deviations due to system 

AM white noise, using BC=30.5 kHz and SNR=100 (20 dB). 

The fact that the dependence of the frequency deviation on 

time follows a �
-1/2

 confirms the earlier prediction that 

frequency (and power) deviations are dominated by the AM 

white noise. The CRLB falls below the measurements, most 

likely because the simple DFT interpolation algorithm trades 

maximal likelihood estimation for speed and simplicity [17]. 

Finally, a phase noise measurement was made of the LO 

system, both at 30 GHz and 540 GHz. See Fig. 13. These are 

quick, somewhat rough measurements and should be 

considered uncalibrated, since the effect of the test oscillator 

has not been separated from that of the spectrometer. 

Nevertheless, the synthesizer measurement matches the 

specification (shown as diamonds) fairly closely. The 

calculated phase errors at 30 GHz and 540 from equation 

(15) are 0.00189 and 0.621 rad2 respectively; the compare 

value at 540 GHz to the 30 GHz error multiplied by the 

square of the multiplication ratio: 0.00189 X 18
2
 = 0.621, 

indicating model consistency. 

V. CONCLUSIONS 

Several key points about the submillimeter wave planetary 

atmospheric spectrometer have been demonstrated. The LO 

synthesizer total integrated phase noise error at the signal 

frequency should be < 0.1 radian2. As long as this difficult to 

meet (considering lower power and mass demands) is met, 

the phase noise is much less critical to frequency accuracy 

for measurement times greater than about 1 millisecond. 

Likewise, USOs are stable (�f/f0<3X10-8) for integration 

times of 0.1 sec or longer, but long term (10 years) stability is 

a problem that needs to be considered during mission 

planning. Finally, frequency switching works fine if the 

observation time is much longer than synthesizer settling 

time. 
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Abstract 

 
Accurate measurement of the temperature, composition and dynamics of Jupiter’s atmosphere is one of the 
main scientific goals of ESA’s and NASA’s Outer Planet Mission proposals. Infrared remote sounding 
provides a powerful tool for achieving these objectives and was used by Voyager/IRIS and Cassini/CIRS, 
but is insensitive to some altitudes and gases. The sub-millimetre wavelength (terahertz) region of the 
electromagnetic spectrum, which has not been significantly exploited to date in the discipline of planetary 
science, provides unique spectral information over a range of atmospheric pressures and, when combined 
with infrared data, is a powerful in situ planetary atmospheric sounder. 
 
We will describe a novel low mass and low power consumption combined terahertz/IR instrument proposed 
for inclusion on the Jupiter Ganymede Orbiter that will greatly improve our understanding of the atmosphere 
of Jupiter. Through the combination of high spectral resolution 2.2THz spectroscopy (R=106) and low-
spectral resolution IR radiometry, the entire temperature profile of the Jovian atmosphere from 0.6 to 10-3 
bar can be evaluated (filling in the currently unmeasured levels between 0.1 and 0.01 bar). In addition, the 
tropospheric and stratospheric composition can be determined (especially water vapour) and observations of 
the Doppler shifting of sub-millimetre lines can also be used to measure horizontal wind speeds.  
 
 
Oral presentation preferred. 
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Abstract—  We  describe  the  design  of  a  focal  plane  array  
assembly  incorporating  transition  edge  superconducting  
bolometers  (TES)  for  the  SAFARI  instrument  aboard  the  
SPICA satellite. SPICA consists of a 3.5 metre telescope actively  
cooled  to a  temperature  of  <  7 K,  designed to be  diffraction  
limited  at  a  wavelength  of  3  µm.  The  active  cooling  of  the 
telescope reduces its emission to a level below the astrophysical  
background  power level  over the  entire  wavelength  range  of  
operation (~4 – 210 µm). This represents a reduction in loading  
at  far-infrared  (FIR)  wavelengths  of  more  than  a  factor  of  
10,000  over  the  50  K  HERSCHEL telescope.  SAFARI  is  a  
proposed FIR instrument for SPICA consisting of an imaging  
Fourier  Transform  Spectrometer  (FTS)  covering  the  
wavelengths from 34 – 210 µm with science goals of furthering  
our understanding of planetary system formation, the life cycle  
of dust and gas in the galaxy and the formation of galaxies.
   The SAFARI wavelength coverage is divided into 3 bands in  
the focal  plane covering the wavelength ranges from 35 – 60  
mm, 60 – 110 µm, and 110 – 210 µm. Each band requires a 2D 
focal plane array of 0.5 fλ spaced pixels covering a 2' x 2' field  
of  view.  The  total  number  of  pixels  in  all  three  bands  is  
approximately 6000. In order to take advantage of the reduction  
in background power provided by the cooled telescope, SAFARI  
requires detectors with a combination of low optical NEP (~ 2   
10-19 W/Hz)  and  high  optical  efficiency.  There  are  several  
detector technologies that have been under development to meet  
these  requirements  including  Kinetic  Inductance  Detectors  
(KIDs),  Transition  Edge  Superconducting  bolometers  (TES),  
Silicon bolometers, Ge:Ga photoconductors and Quantum Well  
detectors.  We  describe  the  conceptual  design  of  a  TES focal  
plane array including the detector array, coupling optics, cold  
electronics  and interconnections  and mechanical  and thermal  
design.  We  also  describe  the  results  of  measurements  of  
performance  of  single  pixel  prototypes  as  well  as  small  
prototype arrays and compare these results with the required  
performance.

I.INTRODUCTION

Roughly half of  the light  emitted by stars is  reabsorbed  
and emitted in the Far Infrared (FIR) by diffuse interstellar  
dust and gas. Detection of this FIR emission from our own  
galaxy and from distant galaxies provides information about  
galaxy  formation  and  evolution  and  complements  
observations in other wavebands. For example, the integrated  
brightness of FIR  continuum emission from cold (~ 30 K) 
interstellar dust  in galaxies is  correlated to the rate of  star  
formation  [1].  However,  because  interstellar  dust  also  

absorbs starlight, many of the galaxies which are bright in the  
FIR  and  undergoing  periods  of  rapid  star  formation  are  
highly  obscured  and  difficult  to  detect  in  the  optical.  In  
addition to continuum emission from dust, there are a large  
number of  spectral  lines  in the FIR which can be used as  
diagnostics for physical properties of molecular and atomic  
gas in galaxies as well as galaxy type, evolutionary phase and  
redshift. Many galaxies are expected to have FIR lines with  
intensities on the order of F line = 1-5   10-18 W/m2  over the 
redshift  range  from z  =  0.1-5 [2],  [3].  In  comparison,  the  
typical optical/NIR Hα line, which is a primary target of the  
next generation of spectroscopic surveys for measurements of  
large scale structure, has an intensity of  F line = 1-5   10-20 

W/m2  for  a  similar  galaxy  number  density  (~10,000  per  
square degree) and redshift range [4].

For an instrument with detectors sensitive enough to count  
individual  photons,  the  survey  speed  and  flux  limit  are  
determined by the photon statistics or photon count rate. The  
photon  count  rate  from Hα  and Lyα  line emission in  a  1 
square meter collecting area is approximately 0.1 – 1 photons  
per  second  for  bright  sources  at  high  redshifts.  In  
comparison,  the photon count rate  from FIR line emission  
from similar sources is much higher,  on order 100 – 1000  
photons  per  second.  Therefore,  in  principle,  imaging  and  
spectroscopic surveys should be much more efficient in the  
FIR than in the optical/NIR.

However, there are several challenges to observing in the  
FIR. First the earth's atmosphere is much less transparent in  
the  FIR  than  in  the  optical  with  narrow  transmission  
windows at the long wavelength edge of the spectrum orders  
of magnitude worse than the atmospheric transmission in the  
optical. This means that the only way to cover a wide band is  
from space. Second, blackbody emission from any object at a  
temperature  greater  than  a  few degrees  Kelvin  will  add  a  
large  background  level  of  FIR  power,  swamping  the  
astronomical  sources  and  drastically  increasing  the  base  
photon noise level. To avoid this, the entire telescope must be  
cooled to less than 10 K. Third, the low energy of the FIR  
photons means that  it is challenging to design and fabricate  
detectors sensitive enough to be limited by the photon noise  
from astronomical sources. Finally, the current state of the art  
for  FIR focal  plane array sizes is  on order  of 1000-10000  
pixels compared to megapixel to gigapixel arrays now used  
in the optical.
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There have been a number of space-borne telescopes and  
instruments developed to explore the FIR universe including:  
IRAS,  COBE, IRTS, ISO, Spitzer  and HERSCHEL. IRAS  
performed an all-sky survey in  the  FIR and made a  large  
number  of  new  discoveries  including  a  new  class  of  
ultraluminous infrared galaxies (ULIRGs). The FIRAS and  
DIRBE instruments on COBE were used to make the first  
measurement  of  the  spectrum  of  the  unresolved  FIR  
extragalactic  background  ([5],  [6]).  ISO,  Spitzer  and  
HERSCHEL have in  turn resolved more  and more  of  this  
background into  individual  sources  (e.g.  [7],  [8],  [9])  and  
begun to spectroscopically characterize these sources.

In this paper, we describe the conceptual design of a focal  
plane  array  based  on  transition  edge  superconducting  
bolometers  (TES)  for  the  SAFARI  instrument:  a  Fourier  
Transform Spectrometer (FTS) in the focal plane of a cooled  
FIR  space  telescope  (SPICA).  SAFARI  is  designed  to  
perform  FIR  spectroscopic  surveys  over  the  wavelength  
range from 34 – 210 µm with a sensitivity limited by photon  
noise from astronomical sources.

II.BASIC TES PRINCIPLES AND REQUIREMENTS

One of the most commonly used incoherent detectors in  
long-wavelength  astronomy is  the  bolometer.  A bolometer  
consists  of  a  broad  band  radiation  absorber  that  converts  
incident  electromagnetic  energy  into  heat,  which  is  then  
detected using a sensitive thermometer; both the absorber and  
the thermometer are thermally isolated from the surrounding  
environment  by  a  micro-miniature  structure of  some kind.  
Bolometers  have  been  used  as  detectors  in  ground-based  
submm astronomical instruments such as UKT14, SCUBA,  
BOLOCAM, SHARC, on balloon-borne experiments such as  
BOOMERANG, Top Hat and MAXIMA, and on space-based  
instruments such as IRAS, IRTS and FIRAS; they are due to  
be flown in the upcoming PLANCK-HFI and HERSCHEL-
SPIRE and HERSCHEL-PACS instruments. In these devices,  
the  absorber  consists  of  a  thin  metal  film,  which  is  
impedance  matched  to  the  incoming  radiation,  and  the  
thermometer comprises a doped semiconductor, which has a  
resistance that depends on temperature.

A.TES detectors
The Transition Edge Sensor (TES) is a bolometer that uses  

a  thin  superconducting  film,  biased  in  the  middle  of  its  
superconducting  transition,  as  the  sensitive  thermometer.  
When voltage-biased, an increase in the temperature of the  
superconducting  film  results  in  an  increase  the  resistance,  
which in turn reduces the current flowing in the bias circuit.  
The  small  change  in  bias  current  is  monitored  by  a  low-
impedance,  low-noise  Superconducting  Quantum 
Interference Device (SQUID) amplifier.  Both the TES and  
the SQUID are planar superconducting devices, and can be  
lithographically mass produced to form large-format imaging  
arrays.  Each sensor requires a  total  of  6 wires,  and so for  
large arrays, some degree of cold multiplexing is required in  
order to minimize the thermal loading and complexity of the  
control  electronics.  SQUIDs  can  be  used  to  achieve  the  
multiplexing, as well as the first stage of amplification.

In the phonon-limit, which with care can be achieved  
experimentally, the NEP of a TES is given by 

NEP= 4γk BT 2G  Watt/√Hz (1)
where  γ ≈  0.5,  kB  is  Boltzmann’s  constant,  T is  the  TES 
operating temperature, and G the thermal conductance of the  
link between the TES and the heat bath. Clearly, according to  
(1), there is a trade-off between the operating temperature, T, 
and  the  thermal  conductance  of  the  device,  G,  which  is  
dependent  on  both  the  geometry  of  the  isolating  legs  and  
their temperature. In reality, however, the saturation power of  
the detector also falls as G falls, and therefore it is necessary  
to reduce both the temperature and the thermal conductance  
to achieve a detector that both has low noise and that can be  
used to detect significant levels of power before saturation  
sets  in.  For  a  TES  with  T=100  mK,  requiring  a  bath  
temperature T0 of about 50 mK, a sensitivity of 2    10-19 

W/√Hz sets a requirement on G of  ≤ 2  10-13 W/K. Low-
dimensional SiN structures are capable of achieving thermal  
conductances in this range.

Fig.  1  Noise  equivalent  power  (NEP)  from  phonon  fluctuations  vs.  
saturation power for a TES detector with T C=100 mK, TB=50 mK and power 
law index, n =2.5. The saturation power is defined as P SAT = κ(TC

n- Tb
n) and 

the phonon NEP2 = 4γknκTC
n+1. For the SAFARI goal sensitivity of NEP = 2-

3   10-19 W/√Hz the saturation power is 4 - 8 fW. 

1) Signal dynamic range:
The  instantaneous  dynamic  range  of  a  detector  is  the  
maximum change in power that can be detected divided by  
the noise in one second of integration.  At equilibrium, the 
bias power supplied to the TES is well described by P = κ(TC

n 

–TB
n),  with  κ a  constant,  and  2<n<4,  depending  on 

temperature and heat transport mechanism. The differential  
thermal  conductance,  G  =  dP/dT  ,  is  therefore  equal  to  
G=nκTn-1.  Both  the  signal  dynamic  range  and  NEP  are  
functions of G. For a TES with T = 100 mK, T 0 = 50 mK, r = 
0.2, n = 2.6, and NEP of 10-18 W/√Hz, the signal dynamic  
range is  7    104 √Hz,   falling to  about 7   103

 √Hz for 
device operating at the same temperature, but with an NEP of  
~10-19 W/√Hz. 
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2) Imaging dynamic range and saturation power:
The imaging dynamic range of a TES detector refers to the  

maximum signal power that is able to be measured by the  
detector  without saturating divided by the minimum signal  
power  coming  from  a  combination  of  emission  from  the  
instrument  and  the  sky.  If  a  TES  is  designed  to  have  a  
phonon-NEP a factor  α (typically 2-3) times lower than the  
photon noise for the minimum signal power case then the  
saturation power is determined by the base temperature, T B, 
the  TES  transition  temperature,  T C,  index  of  thermal 
conductivity,  n,  and  frequency  of  observation,  ν,  to  be 
approximately PSAT ~ GTC/n ~ PMINhν/(α2nkBTC).

The imaging dynamic range is the ratio of P SAT /PMIN ~ hν/
(α2nkBTC). For α = 3, n = 2, TC= 100 mK and ν = 3 THz (100 
µm), this ratio is about a factor of 100. If we only require that  
the detector noise be equal to the photon shot noise in the  
minimum  loading  condition  then  the  saturation  power  
increases by an order of magnitude.
3) Speed of response:

The effective time-constant τeff of a TES-based bolometer  
is given by τeff = C/(G(1+)), where C is the heat capacity of 
the TES and its absorber, G its heat conductance to the bath,  
and  its electro-thermal feedback loop gain. We recall that  
to  achieve  a  detector  NEP of  2-3   10-19 W/√Hz,  with  a 
detector operating at a TC of 100 mK, we require a thermal 
conductance  G  ≤  2   10-13 W/K.  To  estimate  the  heat 
capacity we use the following arguments: a 100 x 100 µm 2 

Ti/Au thermometer has a normal state heat capacity of 8   
10-15 J/K; half  way up the transition this will  be 1.4 10-14 

J/K. The C/G time constant will therefore be about 100 ms.  
Experience with Ti/Au TES for X-ray and even low–G TES  
for  IR  applications  suggests  that  the  ETF-loop  gain   is 
somewhere around 20 – 200. Thus, a realistic pixel speed for  
a 100 mK detector would be 1 - 5 ms.
4) Heritage:

The rapid development of TESs over the last decade has  
led  to  their  widespread  use  on  ground-based  and  balloon-
borne  mm-wave  and  submm-wave  telescopes  such  as  
SCUBA2 [10], ACT [11], SPT [12], APEX [13], EBEX [14]  
and SPIDER [15]. Experience with TES technology in these  
instruments has increased its technology readiness level, and  
has paved the way for use on future space missions. To be  
suitable for the next generation of space missions, however, it  
is necessary to increase the sensitivity by at least two orders  
of magnitude and to configure the devices in medium and  
large-format imaging arrays. In addition, it must be possible  
to multiplex the detector signals, and to qualify the systems  
and components for use in a space environment. 

Existing  TES  detectors  developed  for  ground-based  
applications have NEPs of approximately 10 -17 W/Hz. This 
NEP requirement  ensures background limited sensitivity in  
an environment with radiation loading levels  characteristic of 
a  transmissive  250  K  atmosphere.  In  space  applications,  
where the background loading is considerably lower than the  
best terrestrial sites, particularly if cooled-aperture telescopes  
are used, the  required NEP drops to on order 10 -19 W/Hz. 
While it is technically feasible to manufacture single TESs  

having this sensitivity, it is challenging to create an ultra-low-
noise TES technology that can be engineered into complete  
imaging  arrays,  with  the  required  optical  packing  and  
uniformity of performance.  

B. SAFARI requirements
SAFARI is a FIR imaging Fourier Transform Spectrometer  

(FTS) that will be mounted on the SPICA telescope. One of  
the science goals of SAFARI is characterize the properties of  
star forming galaxies and active galactic nuclei  using their  
FIR spectra to help determine the overall history of galaxy  
formation and evolution in the universe. Other science goals  
include characterizing the evolutionary steps in forming discs  
of gas and dust around young stars and tracing the behavior  
of water ice and other materials with strong signatures in the  
FIR  not  observable  from  the  ground.  The  baseline  
requirements for the instrument are [16]:

1)  Wavelength coverage:  The full-wavelength coverage  
of the SAFARI instrument is 35 – 210 µm, and will be split  
into  three bands,  covering the wavelength ranges given in  
Table 1.

2)  Pixel  size/spacing:  Fully  filled  Nyquist  sampling  
(0.5Fλ) at  the band centre (given in Table 1).   Ideally the  
camera  focal  ratio  should  be  as  small  as  possible  and  the  
lower value pixel sizes are preferred. So f/20 is required with  
f/10 as a goal.

3)  Matrix size: Detector arrays with sufficient pixels to  
fully sample a field of view of 2’   2’  at the mid-wavelength 
of each of the three waveband 

4)  Detector sensitivity:  The photon NEP per pixel for a  
reference sky background level given in Table 1 referred to  
absorbed power is 4   10-19  W Hz-1/2. Therefore, in order to 
not significantly degrade the sensitivity in a deep integration,  
the  detector  optical  NEP (referred  to  incident  power  per  
0.5Fλ pixel) goal is < 3  10-19 W Hz-1/2.

5)  Detector/read-out  electronics  bandwidth:  Detector 
arrays/read-out  electronics  with bandwidths  appropriate  for  
implementation  in  an  imaging  Fourier-Transform-
Spectrometer,  i.e.  a  signal  bandwidth  >  20  Hz,  an  
instantaneous dynamic range > 1000, and multiplexed read-
out with at least 32 pixels per amplifier chain.

6)  Saturation level: The detectors are required to be able  
to  observe  sources  with  a  brightness  of  1  Jy  without  
saturation.  This  corresponds  to  power  levels  of  3-7  fW  
depending on the wavelength band.

TABLE I
SAFARI REQUIREMENTS

Band Fλ/2 pixel 
size  (f/20)

Estimated 
FIR power 

Number 
of pixels

µm µm W
35-60 480 1.4  10-17 64   64
60-110 840 2.4  10-17 38   38
110-210 1600 4.5  10-17 20   20
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III. SAFARI TES FOCAL PLANE CONCEPTUAL DESIGN

The SAFARI TES conceptual  design consists of 3 focal  
plane array (FPA) units for the 3 SAFARI bands. Each FPA  
unit has a 150 mm diameter footprint and is 65 mm high not  
including a stray light/magnetic shielding forebaffle with a  
total  mass  of  1.3  kg.  Each  FPA has  optical,  mechanical,  
thermal  and  electrical  interfaces  to  the  main  instrument  
assembly.  In  addition,  the  TES  detectors  require  a  sub-K  
cooler unit to provide 50 mK and 300 mK heat sinks to meet  
the system requirements.

An  FPA contains: i)  the  detector  chip  and  associated  
coupling  optics  (horn  array),  ii)  electrical  interconnections  
and  readout  electronics  components  and  iii)  supporting  
infrastructure  including  a  light-tight  housing  incorporating  
optical  filters,  magnetic  shielding,  a  thermal/mechanical  
isolation  system and  feed-throughs  for  cold  fingers  and  a  
wiring harness. A schematic of the focal plane is shown in  
figure 2.

 

Fig. 2  Schematic of TES FPA design showing nested 50 mK, 300  mK and  
1.7 K structures.

A. Detector chip and coupling optics
The detector chip is an integrated array of TES detectors,  

each  consisting  of  a  TES  thermometer  connected  to  an  
absorbing metal  film on  a  silicon  nitride  island.  The TES  
thermometer  and  absorber  are  thermally  isolated  from  a  
silicon  frame  by  long  narrow legs.  Light  is  collected  and  
concentrated onto the absorbers with a close packed array of  
square horns (figure 2). Behind each detector is a metallized  
integrating cavity. There is a small gap (< 50  µm)  between 
the  horn  and  the  suspended  absorber  and  a  similar  gap  
between the absorber and the front surface of the cavity. A  
high pass/low pass filter pair is mounted on the front of the  
horn array. The horn plate and detector mount are aligned to  
within 10  µm.

B. Electrical interconnections and readout electronics
The  readout  electronics  for  the  SAFARI  TES  detectors  

makes  use  of  frequency  division  multiplexing  (FDM) and  

SQUID amplifiers to minimize the power consumption at the  
cryogenic temperature stages without degrading the detector  
performance. The detector and signal chain are schematically  
shown in figure 4. The schematic is shown for a set of pixels  
that  can  be  multiplexed  by  one  amplifier  chain.  In  this  
scheme  the  AC-biased  detector  pixels  play  the  role  of  
amplitude modulators (AM) in the FDM read-out. 

Fig. 3  Left: Schematic of 5  5 horn array and integrating cavities. Right:  
Photograph of a section of a TES detector array chip.

Frequency division multiplexing requires that the detectors  
are AC-voltage biased at different frequencies. The AC-bias  
currents  are  generated  digitally  in  an  FPGA or  ASIC and  
converted  to  analogue  by  means  of  a  DAC.  Incoming  
radiation  absorbed  by  the  detector(s)  amplitude-modulates  
these  AC-bias  currents,  which  are  subsequently  band  pass  
filtered  (LC-filters)  and  summed.  The  sum-signal  is  
amplified by a combination of a cold SQUID-amplifier and a  
warm low-noise amplifier.

The standard procedure to read-out a SQUID is to use a  
feedback  loop,  called  a  flux-locked  loop  (FLL).  This  
maintains the SQUID at a fixed operating point by canceling  
changes in flux due to variations in current through the input  
coil by applying a current through a feedback coil.  In this  
way,  the  SQUID  response  is  linearized  and  the  dynamic  
range  enhanced.  The  FLL-gain  that  can  be  achieved  is  a  
function of the delay in the interconnecting cables and the  
bandwidth required. A key constraint in SAFARI/SPICA is  
the distance between the warm control  electronics and the  
cold  SQUID-amplifiers  of  at  least  4.5  m,  resulting  in  a  
roundtrip delay equivalent to 8 m which corresponds to 60  
ns. For a critically damped FLL, the product of unity gain  
bandwidth f1 and (cable) delay time t d is f1td = 0.08. The unity 
gain bandwidth achievable for SAFARI is therefore at best  
only 1.4 MHz. So very moderate gains 2 - 4 are possible in  
the 350 - 750 kHz band.

A better approach is to make use of baseband feedback.  
This  feedback  is  generated  by  the  digital  electronics  at  a  
narrow frequency  band around each  AC-carrier  frequency.  
This  type of  feedback has  a  very large  gain at  the  carrier  
frequency, so that the carriers are almost totally suppressed at  
the  SQUID-amplifier  input,  which  reduces  the  required  
dynamic range of the amplifier chain. The output signal from  
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LC filters LC filters

SQUIDs

HPF/LPF

1.7 K

0.3 K

50 mK

HPF/LPF
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the amplifier chain is de-modulated to recover the individual  
signals for each pixel in the chain. The detectors, filters, and  
sum point  are  all  at  cryogenic  temperatures.  The  AC-bias  
generators, demux electronics, and signal processing are all  
at ambient temperature.

Fig.  4  Schematic of detector and signal read-out chain for one amplifier  
channel used to read-out multiple pixels. One of the dotted lines indicates the  
part of the circuit inside the cryostat (cold electronics), the other indicates  
the warm digital electronics.  

The number of channels that can be multiplexed in a given  
frequency band with FDM depends on the quality factor,  Q, 
of the LC filters and the centre frequency,  f0. The minimum 
frequency  spacing  is  roughly,  ∆f  ~   10  f0  /Q.  For  1  MHz 
centre  frequency  and  Q  ~  4000  this  corresponds  to  
approximately 2.5 kHz spacing. The SAFARI baseline design  
is for 5 kHz spacing and therefore a total bandwidth of 800  
kHz for 160 channels.

The  TES  detector  array  is  connected  to  the  readout  
electronics through a set of superconducting traces deposited  
on a curved substrate which allows the cold electronics chips  
to be mounted at 90 degrees to the detector array. The low 
operating resistance of the TES detectors means that low loss  
(zero resistance)  interconnections  are required between the  
TES  detectors  and  the  cold  electronics  components  (LC  
filters and SQUIDs). The baseline for these interconnects is  
to use Aluminum wire bonds. In this case, the area required  
for the interconnections determines the size of the M-band  
and S-band FPA footprint. Another option is to use Indium  
bump bonds which have a potentially smaller footprint than  
the wire bonds.

C. Mechanical structure and environmental shielding
The  50  mK  and  300  mK  stages  are  mechanically  

supported in  a  nested structure  by  kevlar  suspension  units  
arranged  in  isometric  3  point  mounts  (figure  5).  The  
suspension  is  designed  to  have  its  lowest  mechanical  
resonance  at  >  250  Hz.  The  50  mK  stage  supports  the  
detector  chip,  horn  array,  LC  filter  chips  and  first  stage  
SQUID amplifiers.  The 300 mK stage acts as a  light-tight  
shield  and superconducting magnetic  shield.  An additional  
1.7  K  cryoperm  magnetic  shield  surrounds  the  300  mK  
shield.  The  300  mK and  1.7  K  shields  also  include  long  
forebaffles  for  rejection  of  stray  light  and  attenuation  of  
external magnetic fields.

The estimated thermal loads from the mechanical supports,  
dissipation in the cold electronics and wiring harness at the  
different temperature stages are given in Table II.

TABLE II
CRYOGENIC POWER DISSIPATION

Band
Power Dissipation (µW)

50 mK stage 300 mK stage 1.7 K stage
SQUIDs wiring kevlar wiring kevlar SQUIDs wiring

LW 0.01 0.02 0.04 0.1 2.1 0.24 1.2
MW 0.02 0.11 0.04 0.5 2.1 0.8 6.4
SW 0.05 0.27 0.05 1.3 2.1 2.16 16
Total 0.08 0.4 0.13 1.9 6.3 3.2 23.8

Fig. 5  Schematic of the mechanical assembly of a TES FPA unit. The outer  
shield is the 1.7 K shield, then the 300 mK shield and at the center the 50  
mK mounting surface. Kevlar suspension units are visible on either side of  
the structure – the unit on the left supports the 50 mK structure from the 300  
mK structure and the unit on the right supports the 300 mK structure from  
the  1.7  K structure.  The detector  chip mounts  on  the  top  of  the  50 mK  
structure with the LC filters and SQUID chips mounting on the side walls.  
Feedthroughs for the wiring harness and the 50 mK and 300 mK cold fingers  
are also shown.

IV. CURRENT STATUS

A. Pixel design
1) Optical coupling:

The  size  and  spacing  of  pixels  in  the  focal  plane  is  
determined by the wavelength of operation, λ   the focal ratio, 
f, of the optics and the sampling of the image. For Nyquist  
sampling, the pixels should be spaced by f λ/2. One challenge 
for Nyquist sampled FIR arrays is to make the TES pixels  
small  enough  to  meet  the  requirements  for  pixel  spacing  
while having the necessary thermal isolation to achieve the  
required  sensitivity.  This  is  most  difficult  at  the  shortest  
wavelengths since the pixel spacing scales with wavelength  
while the sensitivity requirement is roughly independent of  
wavelength.  Constraints  on  the  fabrication  of  thermally  
isolating supports determine the minimum pixel spacing for a  
given  sensitivity,  image  plane  focal  ratio  and  pixel  filling  
factor and operating temperature. For a sensitivity of 2  10-

19 W/Hz, fully filled arrays of free-space absorbers similar  
to  SCUBA2  and  HERSCHEL-PACS are  ruled  out  for  all  
SAFARI and FIRI bands for operating temperatures of > 50  
mK  by  limits  of  standard  photolithographic  fabrication  
techniques.
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A second challenge for FIR TES detectors is to achieve the  
required time constants in detectors which incorporate broad-
band absorbers  covering  the  SAFARI bands.  This  is  most  
difficult at the longest wavelengths because the absorber size  
and heat capacity scale with wavelength for a given optical  
coupling scheme. 

Multimoded  concentrators  and/or  lenses  can  reduce  the  
requirements  on  absorber  size  and  filling  factor  while  
maintaining  Nyquist  sampling.  Traditional  horn-coupled  
arrays such as in HERSCHEL-SPIRE [17] are more sparsely  
sampled and have theoretically a smaller mapping speed for a  
fixed focal plane area but with a significant reduction in the  
number  of  required  pixels  and  pixel  spacing.  Collecting  
horns  have  been  used  to  couple  to  photoconductive  FIR  
detectors in the ISO-LWS [18] and HERSCHEL-PACS [19]  
instruments with high filling factor and coupling efficiency.

We use a similar concept as the baseline design for the  
optical  coupling to a SAFARI pixel consisting of an input  
collecting  horn  which  feeds  a  hemispherical  cavity  
containing a detector with a planar absorber with impedance  
matched to free space (377  Ω/square). This design is based  
on experience with standard wide band 4 K bolometers used  
for  FTS  spectroscopy.  However,  the  size  of  the  horns  
required for SAFARI is much smaller than has been used in  
any previous instrument. For example, the horns for the short  
wavelength band of SAFARI have large apertures of less than  
500 µm and small apertures of close to 50µm. Fabrication of 
a large 2-D array of these horns for the SAFARI focal plane  
is challenging.
2) Thermal isolation:

 .
Fig.  6  Photograph of a TES detector with thermally isolating straight legs  
fabricated from silicon nitride (SiN). The membrane thickness is 1 µm, the 
width of the legs is 4 µm and the length of the legs is 240 µm. Also visible at 
the top of the central SiN island is a 100 µm  100 µm Ti/Au TES (yellow) 
and Nb superconducting contacts  (light  grey).  On the bottom part  of  the  
island is a 200  µm   200  µm Ta absorber (dark grey) on the central SiN  
island. 

The use of a collecting horn to focus incoming radiation  
on a spot a fraction of the pixel area in size allows space  
around the thermally isolated island containing the absorber  
and  thermometer  for  a  thermally  isolating  mechanical  
support  structure.  There  are  two  different  designs  for  the  
geometry of the thermal isolation which have been fabricated  
and  tested:  i)  absorbers  suspended  on  thin  and  narrow  
straight  legs  of  silicon  nitride  (Figures  6  and  7)  and  ii)  

absorbers suspended on ring-type structures of silicon nitride  
(Figure 8).

Both  designs  have  the  capability  of  meeting  the  
requirement  for  the  thermal  conductance.  The  straight  leg  
geometry has the advantage of a high mechanical resonant  
frequency but requires the use of thin (~200 nm) membranes  
of SiN and narrow (~ 2  µm) beams to achieve the required  
thermal  isolation.  The  device  shown  in  figure  6  has  a  
measured transition temperature of 108 mK and a measured  
thermal conductance of 3 pW/K (saturation power level of 80  
fW) [20].

Fig.  7  Photographs of TES detectors with thermally isolating straight legs  
fabricated from 200 nm thick silicon nitride (SiN). The image at the left is a  
100 mm ´ 100 mm Mo/Au (yellow) with interdigital Au bars. The image at  
the right is a 100 mm ´ 100 mm  Mo/Cu TES with the same geometry. The  
width of the legs in the left hand picture is 2 mm and the width of the legs in 
the right hand picture is 4 mm. Both have legs with length 420 mm.

The ring-type geometry allows for the use of thicker SiN  
membranes and wider  beams while achieving the required  
thermal isolation within the S-band pixel spacing. The device  
shown in figure 7 has a measured transition temperature of  
155 mK and a measured thermal conductance of 1.6 pW/K  
(saturation power level of 40 fW).

Fig. 8  Photograph of a TES detector with thermally isolating ring structure  
fabricated from silicon nitride (SiN). The membrane thickness is 1 µm, the 
width of  the  legs  is  4  µm and  the  spacing  between  rings is  8  µm. The 
diameter of the inner ring is approximately 200 µm and the diameter of the 
outer ring is 450 µm. Also visible at the bottom of the central SiN island is a  
100  µm   100  µm Ti/Au TES (yellow) and Nb superconducting contacts  
(light grey). On the bottom part of the island is a 200  µm    200  µm Ta 
absorber (dark grey) on the central SiN island. 
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B. Fabrication
Detectors have been fabricated at SRON and Cambridge  

with  a  variety  of  geometries  and  TES  materials  (Ti/Au,  
Mo/Cu, Mo/Au). Pixels with both straight legs and ring-type  
thermal  isolation  have  been  fabricated  with  high  (>95%)  
yield. The transition temperatures and normal resistances of  
the  Ti/Au  and  Mo/Cu  TES  thermometers  show  good  
uniformity with variations  smaller  than 2% over sub-array  
test chips.

C. Dark testing
Dark  characterization  of  the  detectors  involves  

measurements  of  the  TES  transition  temperature,  thermal  
conductance  (G)  of  the  silicon  nitride  suspension,  thermal  
response time to electrical pulses, complex impedance as a  
function of frequency and characterization of the noise power  
spectrum.  Devices  have  been  characterized  in  test-beds  at  
SRON and Cambridge.   The Cambridge  cryogenic  system  
consists  of  a  pulse  tube  cooler,  He-7  sorption  cooler,  and  
miniature  dilution  fridge  with  a  70  mK  operating  
temperature.  The  SRON  test  bed  consists  of  an  Oxford  
instruments Kelvinox dilution refrigerator with a 25 mK base  
temperature. Both test beds incorporate light-tight enclosures  
and  light-tight  feedthroughs  for  the  signal  wires  and  use  
SQUID-based readout electronics.

A NIST TDM multiplexer chip was used for the thermal  
conductance (G) measurements at Cambridge,  together with 
multi-channel  electronics  (MCE)  developed  by  the  
University of British Columbia.  This system was used to test  
sub-arrays of 16 detectors simultaneously. Measurements of  
thermal conductance at SRON were done with single pixel  
DC  biased  and  AC  biased  SQUID  readout  electronics.  
Measured thermal conductances for devices with straight legs  
and  ring  structures  which  fit  within  the  SAFARI  pixel  
spacing ranged from 0.1 – 1 pW/K, spanning the SAFARI  
requirement of 0.2 pW/K.

Noise and complex impedance data were obtained using  
single  channel  SQUID-based amplifiers  operated in  a  flux  
locked  loop  (FLL).  A basic  schematic  of  a  single  stage  
SQUID amplifier with a DC bias resistor chain is shown in  
figure 9.  Data from the complex impedance measurements  
(figure 10) were used to extract the TES properties including  
loop gain and thermal transfer function. Data from devices  
with straight legs and rings were well fit to a thermal model  
dominated by a single time constant which ranged from 50 µs 
to  15  ms  depending  on  the  device  geometry  and  thermal  
conductance. Devices with thermal conductances less than or  
equal to 0.2 pW/K were measured to have time constants of  
7-15 ms and loop gains of  ~ 100-200.

The shape of the measured noise spectra agrees well with  
predictions from the parameters extracted from the complex  
impedance  measurements.  The  corresponding  NEP values  
calculated from the noise spectra agree with the predictions  
from the  measured  thermal  conductances  using a  value of  
γ=1  in  equation  (1).  For  example,  an  NEP of  4   10-19 

W/Hz was measured for a straight leg device with G = 0.3  
pW/K,  TC=100  mK and  a  time  constant  of  7  ms.  This  is  
consistent  with  other  measurements  of  noise  from  low-G  
TES  detectors  [21].  In  addition,  the  time  constant  

measurements  indicate  that  these  detectors  do  not  have  
significant excess heat capacity compared to what is expected  
from the TES materials properties.

Fig. 9  Schematic of a DC biased TES with SQUID amplifier. For low values  
of the shunt resistor,  R s << RTES, a constant voltage bias is applied across the  
TES with a value of VTES ~ VbRs/Rb.
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Fig.  10  Complex impedance measurement for a low-G SAFARI TES with  
straight legs. Real (dark blue dots) and imaginary (light blue dots) parts of  
the impedance and fits using 240Iα  and 8.1Iβ  

D. Optical testing
Optical tests of TES detectors were performed in a test bed  

at  Cardiff  equipped  with  an  adiabatic  demagnetization  
refrigerator (ADR) with a 70 mK operating temperature. The  
readout electronics consist of  a PTB XF-16 SQUID read out 
with a  Magnicon XXF room temperature preamplifier  and  
FLL.  The SQUID is mounted on the 100 mK plate as close  
to  the  detector  as  possible.   The  SQUID  noise  has  been  
measured to be less than 6 pA/rtHz at frequencies above 1  
Hz.  The SQUID is configured to read out a single pixel DC  
and up to 15 pixels AC through lithographed LC filters with  
central frequencies between 1 and 2 MHz.  Because of the  
high  frequencies  used  for  the  AC  readout,  a  baseband  
feedback system is required to operate the AC channels.

The detector chips are mounted on a gold plated copper  
mount which has a set of raised metal squares with machined  
hemispherical  cavities  inset.  These  serve  as  integrating  
cavities  for  the  optical  absorbers  suspended on the  silicon  
nitride island next to the TES. The raised metal squares are  
500  µm   500  µm and 450  µm in  height  above the  flat  
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suface of the mounting plate. They occupy the space behind  
the TES where the silicon substrate  has been etched away  
with a gap of 50 µm between the front surface of the wafer  
and the front surface of the raised metal cavity (figure 11) . 

Copper  clad aluminum wires  were  epoxied with stycast  
into small (1 mm) holes around the edge of the chip in the  
bottom of the mounting plate. These form a set of light-tight  
superconducting feedthroughs. Each TES is connected to two  
of  the  feedthroughs  via  aluminum wire  bonds  attached  to  
niobium pads on the chip. Superconducting niobium titanium  
wires are soldered to the copper clad aluminum wires on the  
outside of the light-tight optical cavity connecting the TES to  
the  SQUID.  The  measured  parasitic  impedance  when  the  
TES is superconducting is less than 2 mΩ.

A horn plate was attached to the top of the detector mount,  
sealing the chip inside a light-tight cavity with the exception  
of the horn aperture. For the tests reported here, we used a  
conical  horn  designed  for  the  short  wavelength  band  of  
SAFARI  (S-band)  with  a  large  aperture  of  450  µm and a 
small  aperture  of  46  µm.  The  horn  was  fabricated  by 
electroforming  copper  onto  a  smooth  steel  mandrel.  The  
position of the horn aperture was referenced to a set of dowel  
pins pressed into the mounting plate to an accuracy of < 10  
µm.  The  exit  aperture  (small  aperture)  of  the  horn  was  
positioned  within  50  µm of  the  optical  absorbing  element  
along the axis of propagation of light down the horn.

Fig.  11  Left:  schematic  of  detector  mounted  in  the  optical  test-bed.  In  
yellow is  the gold-plated copper mounting plate (bottom) and horn plate  
plate (top). In green is the silicon substrate. The silicon nitride is light blue  
and the TES is dark red. Right: photograph of a TES detector mounted in  
front of the integrating cavity.

We mounted a set of high pass and low pass metal mesh  
filters [22] directly on the horn plate and another set on the  
100 mK shield to define a detector bandpass covering a range  
of wavelengths from 30 – 60 µm. The average transmission 
of the filter stack over this wavelength range is estimated to  
be approximately 0.7 from measurements of the individual  
filters at 4 K.

We used two thermal sources to optically characterize the  
detectors: a fast, small area (1 mm  1  mm) source with an 8 
ms time constant which was a copy of the optical calibrator  
used in the HERSCHEL-SPIRE instrument [23] and a slow,  
large area blackbody calibrator (14 mm diameter) with a 10  
second time constant  and calibrated thermometer.  The fast  
calibrator was used for first-light testing and for estimating  
the TES detector response time. The large area calibrator was  
used for optical efficiency measurements. Both sources were  
mounted on the 4 K radiation shield 10 mm away from the  
optical apertures in the 1 K and 100 mK shields. Figure 12  

shows  a  time  trace  of  the  response  of  a  detector  to  
modulation of the fast blackbody calibrator.

Fig. 12  Current through the TES detector (red) vs. time during a modulation  
of the temperature of the fast optical calibrator. The voltage applied to the  
calibrator is shown in blue. TES current is a maximum when the calibrator is  
off  and the TES is  superconducting.  As the calibrator  heats up,  the TES  
current drops exponentially until the TES is normal (the flat part of the curve  
at  the  minimum current).  As  the  temperature  of  the  blackbody  increases  
from 4 K to 40 K in the Wien limit of the blackbody radiation law the optical  
power incident on the detector increases exponentially.

The optical efficiency of the absorber, horn and integrating  
cavity  assembly  was  estimated  by  comparing  the  power  
absorbed by the detector with the incident power from the  
blackbody. We measured the absorbed power by the change  
in electrical power dissipated in the TES when biased on the  
transition  at  different  blackbody  temperatures.  We  then  
estimated the incident power at the entrance to the horn by  
integrating the blackbody intensity over the passband defined  
by the optical filters. From these measurements, we estimate  
an absorbing efficiency of 0.7   0.2.  The accuracy of the 
measurement is limited by uncertainty in the temperature and  
emissivity of the blackbody and in the shape of the high pass  
filter  edge.  Measured  values  of  absorbed  power  vs. 
blackbody temperature are shown in figure 13.

Fig.  13  Power absorbed by a detector vs.  temperature of  the blackbody  
calibrator. The uncertainty in the absorbed power is 1.5 fW. The error in the  
blackbody temperature is 0.2 K. The dashed line is the predicted emission as  
a function of blackbody temperature multiplied by an efficiency factor of  
0.7.
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Another  way  to  measure  the  absorbed  power  and  the  
optical  frequency  response  of  the  TES is  by  detecting the  
photon  noise  from  the  optical  source.  Photon  noise  is  a  
modulation of the optical  signal due to the random arrival  
time of individual photons. Photon shot noise is the dominant  
contribution to  photon noise in the low photon occupation  
number limit,  η << 1. The occupation number,  η is defined 
for blackbody radiation as

=
1

eh/ kB T−1
(2)

where  T  is  the  blackbody  temperature  and  ν  is  the 
electromagnetic frequency of the radiation. Shot noise has a  
white noise spectrum with an amplitude given by

NEP 2=∫ d  2B h  W2/Hz (3)

where  Bν is  the  frequency  dependent  intensity  of  the  
absorbed radiation. This formula can be approximated by

NEP ~ 2P0h0  W/Hz (4)

where P0 is the optical power detected and ν0 is the emission-
weighted  frequency  of  the  absorbed  power.  For  our  
measurements,  the  emission-weighted  frequency  of  the  
absorbed power is  close to  the low frequency edge of the  
filter pass band,  ν0 = 5 THz and therefore the optical signal  
from the blackbody is in the low photon occupation number  
limit for blackbody temperatures, T  100 Κ .

Fig. 14  Noise spectral densities for a TES detector under different loading  
conditions. The lower curve is the measured noise spectrum for the detector  
with the blackbody source off.  The raw noise data has been converted to  
NEP using the measured responsivity to electrical power. The upper curve is  
the  measured  noise  spectrum  for  the  same  detector  with  the  blackbody  
source at 20 K. The increase in noise below 200 Hz can be attributed to  
photon shot noise for an absorbed power of 4.5 fW. This is consistent with  
the absorbed power measured from the TES IV curves.

We  detected  photon  noise  in  all  of  the  optical  noise  
measurements as an excess detector noise at low frequencies  
which increases in amplitude as the blackbody temperature is  
increased. We fit a single pole frequency response curve to  
the measured noise spectrum to determine the TES optical  
time constant. We also determine the absorbed power from  
the  amplitude  of  the  photon  noise  and  use  this  as  a  
consistency check for the absorbed power measured from the  
TES electrical dissipation (figure 14).

V. CONCLUSIONS

This paper presents an outline of the conceptual design of  
a  TES  detector-based  focal  plane  array  for  the  SAFARI  
instrument  on  the  SPICA satellite  and  reports  on  design,  
fabrication and testing of prototype subsystems. There are a  
number of challenges remaining in the realization of a final  
focal  plane system which meets  the SAFARI requirements  
including:  design  and  fabrication  of  the  detectors  and  
coupling  optics,  integration  of  the  cold  FDM  readout  
electronics, design and implementation of warm low-power  
digital  electronics  and minimization  of  disturbances  to  the  
operation  of  the  detectors  including  stray  light,  magnetic  
fields,  temperature  fluctuations  and  mechanical  vibrations.  
Achieving photon noise limited sensitivity in a large format  
focal plane array on a cooled space platform will enable large  
area FIR spectroscopic surveys.
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Abstract— Two series/parallel arrays of Cold-Electron 

Bolometers (CEB) with Superconductor-Insulator-Normal 

(SIN) tunnel junctions were integrated in orthogonal ports of a 

cross-slot antenna.  The receiving system was designed for 

polarisation measurements in a 350 GHz frequency band with 

JFET readout at the BOOMERanG-FG balloon telescope.  Each 

orthogonal array consists of 10 cold-electron bolometers 

connected in parallel for RF signal and in series for DC signal.  

The array was designed to increase the output resistance by a 

factor of 102 in comparison to a single CEB, for matching with 

JFET readout while maintaining the same conditions for RF 

coupling.  The dynamic resistance of such array is 1 MΩ at the 

bias point of maximal response.  For the input microwave signal 

bolometers are connected in parallel. This provides matching to 

the 30 ΩΩΩΩ input impedance of a cross-slot antenna on Si 

substrate.  The array of bolometers has a saturation power 10 

times higher than a single bolometer. This significantly 

increases the dynamic range.  With a measured temperature 

response of 8.8 µV/mK, a total absorber volume of 0.08 µm3, 

and an output noise of about 11 nV/Hz1/2, we estimated the dark 

electrical noise equivalent power as NEP=6*10-18 W/Hz1/2 at 

280 mK.  The optical response was measured using both 

hot/cold loads and a backward wave oscillator as sources of 

radiation. 

I. INTRODUCTION 

One of the goals is of current Cosmology experiments is to 

detect the B-mode of the polarization of the Cosmic 

Microwave Background (CMB), which is believed to be 

generated by primordial gravitational waves. Several 

cosmology instruments (e.g. BOOMERanG [1], EBEX, 

BICEP, QUIET, B-POL) are being designed to measure it. 

We describe here development of a bolometer system with a 

JFET readout for the 350 GHz channel of the BOOMERanG-

FG balloon telescope.  

The optimal detector for this purpose would be the Cold-

Electron Bolometer (CEB) based on strong electron cooling 

of the absorber [2-4].  The concept is based on combination 

of several functions in a SIN tunnel junction: RF capacitive 

coupling and effective thermal isolation [3], electron cooling 

[5], and temperature sensing.  The responsivity of a CEB is 

extremely high, due to the small volume of the absorber and 

the very low temperature.  The CEB can reach remarkable 

sensitivities of NEP~10
–19

 W/Hz
1/2

 for space-borne 

telescopes with small optical power load [2].  A high 

sensitivity of the Cold-Electron Bolometer (CEB) with 

nanoscale absorber has been observed at 100 mK with a 

power load of 20 fW; the NEP was below 2*10-18 W/Hz1/2 

[6].  For balloon and ground-based telescopes the CEB 

sensitivity could be dominated by photon noise of the signal 

itself, under relatively high optical power loads [7]. We 

therefore expect that these detectors will be key components 

for the future European space-mission B-Pol [8], which will 

follow existing balloon-borne and ground based CMB 

polarimeters. 

At present there are three competing types of incoherent 

superconducting detectors for space applications.  The first 

and the most developed is the Transition Edge Sensor (TES) 

[9] with a bias point at the center of the transition of a 

superconducting strip.  The second is the Kinetic Inductance 

Detector (KID) [10] with a high frequency bias at the 

resonance frequency.  The third is the Cold Electron 

Bolometer (CEB), with a bias point below the energy gap 

voltage of a Superconductor-Insulator-Normal metal (SIN) 

tunnel junction. The CEB is coupled to an antenna through 

the capacitance of the tunnel junctions, and could be 

fabricated on planar substrates.  CEBs have several 

advantages over TESs: 

- an effective electron cooling of the detector by the readout 

current for the CEB, in contrast to the heating of the detector 

by the readout current for the TES. This means that the 

operating temperature and noise of a CEB are lower than for 

a TES  

- the increased saturation power, due to the ability to remove 

incoming power from the absorber by effective electron 

cooling. 

- temperature stability is not as important for CEBs as for 

TESs, because CEBs are based on removing the incoming 

signal by tunnelling, and the e-ph contribution is rather small.  

- the CEB could be matched to MΩ noise impedances of a 

simple JFET readout (as required by BOOMRanG) in 

contrast to the TES demanding low-ohmic SQUID readout. 

The advantage of CEBs versus TESs is increased when 

measuring under high background power loads.  For 

example, the dc bias power for a TES should be not less than 

the maximum signal power, and such bias brings additional 

thermodynamic noise. The readout for a TES is based on a 

SQUID amplifier, which is extremely sensitive to external 

magnetic fields and microphonics.  The flexibility of CEBs 

allows the use of already available readout electronics, based 

on either semiconductor JFETs, or MOSFETs, or 

superconducting SQUIDs.  In the first case the proper output 
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matching can be achieved by series array of CEB bolometers 

[7], that as is described in this paper.  For the second case 

proper output matching can be achieved by using a single 

CEB with SIN tunnel junction, or a parallel array of CEBs.   

II. CEB ARRAY COMPARED TO SINGLE CEB 

The CEB concept has been proposed as the main detector 

for the 350 GHz channel of BOOMERanG [1].  The 

requirement is to develop a CEB array with a JFET readout 

for 90 channels.  The NEP of the CEB should be less than 

photon noise for an optical power load of 5 pW, and the 

cross-polar response should be at least 25 dB below the co-

polar one, for observations of CMB and foregrounds 

polarization.  Simulations showed that it is impossible to 

satisfy these requirements with single CEB plus JFET 

readout, for both current-biased [7] and voltage biased modes 

[11].  A novel concept of a series/parallel array of CEBs in 

current-biased mode has been proposed, offering effective 

matching to a JFET amplifier under high power load [7] (Fig. 

1).  The main innovation of the CEB array, in comparison to 

a single CEB [2-4, 6], is the distribution of power between N 

CEBs, and the increased dynamic range.  An effective 

distribution of power is achieved by a parallel RF connection 

of CEBs, which couple to the RF signal through additional 

capacitances (Fig. 1). The response is increased, because the 

CEB is sensitive to the level of power, and the power is 

decreased N times for the individual CEBs, resulting in a 

proportional decrease of absorber overheating and saturation. 

Also the background power is divided among single 

absorbers, decreasing overheating and increasing the 

responsivity of the array. The amplifier noise becomes less 

important, since the responsivity of the array has been 

multiplied.  On the other hand, the increase of the number of 

bolometers leads to an increase of the absorber volume and 

corresponding electron-phonon noise. The optimisation of 

this circuit for a given power load and JFET amplifier is 

shown in Fig. 2.  The optimal number of CEBs is around 10, 

when total noise is becoming less than photon noise of the 

incoming signal. This number was used for the design of the 

device.  

 

V
JFET

I I

Pωωωω
Pωωωω

Cold-Electron
Bolometer (CEB)

2.7 K

Antenna

SIN junctions:
C-coupling to antenna,
thermal isolation,
read-out &
electron cooling

 

Fig.1. Schematic of an array of three CEBs with series connection for DC 

bias and parallel connection for RF. This solution was devised to match a 

JFET readout. For RF signals the CEBs are connected in parallel through the 
additional capacitances between the superconducting islands and the 

antenna. 

 

10
-17

10
-16

10

100

1 10

NEPphot

NEPtot
NEP

JFET

NEP
SIN

NEPe-ph

S

Number of CEBs, N

S~N/P
0

NEP
JFET

~P
0
/N

 

Fig. 2. NEP components and photon NEP versus number of CEBs in the 
array. The optical power load is Po=5 pW,  IJFET=5 fA/Hz1/2, 

VJFET=3 nV/Hz1/2, R=1 kΩ, Λ=0.01 µm3.  The responsivity S is also shown 

to illustrate the effect of CEB number. Thin lines show asymptotics for S 
and NEPJFET [7]. 

III. EXPERIMENTAL TECHNIQUE 

The layout design of CEB array has been optimized for 

polarization measurements in a 345 GHz frequency band for 

CMB and foregrounds polarisation measurements with the 

balloon-borne telescope BOOMERANG.  Bolometers are 

integrated in a cross-slot antenna that is placed in the centre 

of a 7x7 mm chip on oxidized Si substrate.  Antenna design 

is similar to [12].  Each orthogonal array consists of 10 CEBs 

connected in series for dc bias and readout. A picture of the 

antenna is presented in Fig. 3. The dark narrow slots are 

covered with an Al capacitive layer.  Each port of the antenna 

contains 5 CEBs that are connected in series for each 

polarisation, making an array of 10 CEBs for vertical and 10 

CEBs for horizontal polarization components.  The NIS 

tunnel junctions of CEBs are made of CrAl/AlOx/Al 

thrilayer.  An advanced shadow-evaporation technique was 

used for fabrication of the CEB [13].  A detailed SEM view 

of a half an array with 5 absorbers and 10 tunnel junctions is 

presented in Fig. 4.   

 

 

Fig. 3.  Optical image of a cross-slot antenna. 
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Fig. 4. SEM image of a half of array consisting of 5 absorbers and 10 SIN 

tunnel junctions. 

Each array was protected against external interferences by 

four on-chip CrPd resistors with 12 nm Cr and 3 nm Pd [13]. 

The Pd layer was added to improve contact with the top layer 

of the bolometer structure. Current lead resistors have a value 

of 2 MΩ and voltage lead resistors have a value of 150 kΩ 

each.  

Such a chip with antenna is attached to an extended Si lens 

with antireflection coating, or to the horn antenna for simple 

measurements with a cold radiation source.  The lens is 

facing the optical window through low-pass filters at two 

temperature stages, as is shown in Fig. 5 . 

 

Fig. 5.  Schematics of the quasioptical beam path in the cryostat.  (1) - 

Teflon window, (2) - first low-pass filter, (3) - second low-pass filter, (4) – 

Si extended hyper-hemisphere lens, (5) - sample chip. 

To suppress overheating by IR radiation, the optical 

window is protected by low-pass filters (LPF).  Commercial 

low-pass multi-mesh filters from QMC Instruments™ 

provide attenuation over 10 dB above the cut-off frequency 

of 100 cm
-1

 for LPF W97s and above 33 cm
-1

 for LPE B694.  

Filters were placed at the openings in the radiation shields at 

the 70 K and 3 K temperature stages.  With these filters, 

however, we measured significant overheating of the cold 

stage, and reduced holding time for the He3 sorption cooler.  

Usual low-pass filters for 30 cm
-1

 is array of metal film 

squares 300 µm sides on thin dielectric support like 

KAPTON™.  Metal squares are radiation heated from the 

warmer side of cryostat and as a result their equilibrium 

temperature is some average between hot and cold sides.  It 

means that such filter is a source of thermal radiation above 

the cut-off frequency.  A band-pass filter consisting of cross-

shaped holes in a metal film can be better from the 

overheating point of view, because it can be anchored 

thermally very well to the radiation shield, and its 

equilibrium temperature is the same as the shield.  In our case 

we solved the problem placing neutral density filters (NDF) 

with attenuation about 6 dB in front of each LPF.  As a result 

IR radiation was suppressed; the temperature of self 

irradiation is the same as the radiation shield and no visible 

overheating of the cold stage or reduction of holding time 

was measured.   

IV. MEASUREMENT RESULTS 

The IV characteristic of the array of ten SINIS cold-

electron bolometers, together with the voltage response to 

temperature differences are presented in Fig. 6.  It clearly 

demonstrates the sum gap voltage of 20 SIN junctions.  The 

resistance ratio of subgap resistance to normal resistance for 

this array is over 500, close to the theoretical estimates for a 

temperature of 280 mK. The voltage at a 0.1 nA bias current 

together with the dynamic resistance at zero bias versus 

temperature are presented in Fig. 7.  The maximum voltage 

response to temperature is 8.8 µV/mK.  
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Fig. 6.  IV curve and voltage response for a temperature difference of 305-

275 mK 

50 100 150 200 250 300 350

200

400

600

800

1000

1200

 V

Temperature, mK

V
o
lt
a
g
e
, 
µ
V

0

2

4

6

8

10

12

14

16

 Rd

R
e
s
is
ta
n
c
e
, M

Ω

  

Fig. 7.  Voltage across the array of 10 bolometers, for a bias current 0.1 nA, 
versus temperature of the array. The maximum responsivity is 8.8 µV/mK.  

Dynamic resistance at zero bias is for comparison. 
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Fig. 8.  Bottom view of the open cryostat, with the sample on the 300 mK 
stage and the radiation source on the 3 K stage 
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Fig. 9.  Voltage response of the bolometer array to radiation emitted from a 

source modulated at 0.5 Hz, 1 Hz, 2 Hz, 4 Hz, versus dc bias voltage of the 

array.  

 

Fig. 10.  Photo of rotatable aperture with Cu shield at one side and 10 dB 

NDF at other side.  Below is the magnet by which we can precisely rotate 

the aperture, to place Cu shield, NDF, or OPEN between the bolometer and 
the window.  

 

 

 

 

 

We measured the response of this array to microwave 

radiation emitted by a cryogenic thermal radiation source 

(Fig. 8, 9).  The source was mounted on the 2.8 K stage; it 

consists of a NiCr film on a thin sapphire substrate, and was 

attached to a horn directing radiation to the bolometer unit 

with its own horn at 280 mK.  Such source is relatively slow 

and its modulation depth decreases increasing the modulation 

frequency, so the measured signal amplitude decreases from 

40 nV to 10 nV when the frequency rises from 0.5 Hz to 

4  Hz..  The temperature increase of the radiation source is 

estimated to be about 1 K, so the emitted power in the 

100 GHz bandwidth is of the order of 1 pW.  Microwave 

losses due to beam mismatch, reflection from Si substrate 

back side, mismatch of horns are estimated to be above 

30 dB. 

 

For correct optical measurements, and to get an additional 

calibration of the bolometer input, we installed inside the 

cryostat a holder with a Cu foil opaque screen, a 10 db NDF, 

and an open aperture. The holder can be rotated by an 

external magnet while the experiment is cold.  A photo of 

this setup being tested at room temperature is presented in 

Fig. 10; the measured signal is shown in Fig. 11.   

The measured temperature sensitivity is 17 µV/K and the 

optical noise equivalent temperature difference is 

NETD=0.65 mK/Hz1/2.  Similar response dependencies were 

measured with hot/cold load at 300/77 K in front of the 

optical window.   

 

For NEP estimations we measured the output noise of the 

array using a MOSFET OPA111 instrumentation amplifier as 

input IC.  The corresponding NEP can be calculated from the 

available data on array parameters.  For theoretical 

estimations of such bolometer array performance we can take 

the power flow determined only by electron-phonon 

interaction P=Σν(T
5
-T0

5
) so that G=dP/dT=5ΣνT

4
.  In this 

case the responsivity is 

S=dV/dP=(dV/dT)/(dT/dP)=(dV/dT)/G.  The volume of the 

absorber for our array of 10 bolometers is ν=10
-19

 m
3
 and for 

aluminium Σ=1.2*10
9
 Wm

-3
K

-5
: so the thermal conductivity 

is G=3.6*10
-12

 W/K at 280 mK phonon temperature.  Taking 

the measured bolometer output voltage noise of 

vn=11 nV/Hz
1/2

 in the white noise region, and a temperature 

response of dV/dT=8.8*10
-3

 V/K (see Fig. 6) we can estimate 

the minimum noise equivalent power NEP=vn/S=6*10
-18

 

W/Hz1/2.  For practical power load of 5 pW at 345 GHz, the 

photon contribution to NEP can be estimated as 

NEPphot=(2P0hf)
1/2

=4.8*10
-17

 W/Hz
1/2

.  Taking into account 

the experimental values of noise and response, we can plot 

the dark NEP of our bolometer array, see Fig. 12, 13. 

Sample            Horns              Radiation source 
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Fig. 11.  Voltage response to changing aperture from Cu foil to NDF 10 dB 

attenuator at 3 K. 
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Fig. 12.  The Noise Equivalent Power (NEP) and absolute value of response 

for the series array of 10 bolometers.  

 

 

 

Optical NEP can be also estimated from Fig. 11.  The 

incoming power Psig at the signal frequency f=350 GHz 

within the bandwidth of the cross-slot antenna ∆f=100 GHz 

is calculated from Planck formula  

1)/exp( −
=∆

kThf

hf
P   

 

so that Psig=∆P*∆f=10
-13

 W. The response for this signal is 

50 µV so the responsivity is S=dV/dP=5*10
8
 V/W.  For an 

output noise of Vn=11 nV/Hz1/2 we obtain the total optical 

NEP=Vn/S=2.2*10
-17

 W/Hz
1/2

. 
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Fig. 13.  The minimum Noise Equivalent Power (NEP) from Fig. 14 and the 
contribution due to the amplifier. 
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Fig. 14.  The electron cooling measured by the voltage across small-area 

sensor junctions, versus the voltage across the bolometer junctions that serve 
as electron coolers.  

We also observe the effect of electron cooling.  On the 

same chip we have a test structure comprising a single 

bolometer of the same shape as in the array and with the 

absorber connected to another pair of SIN sensor junctions.  

Applying the bias voltage to the bolometer part we can sense 

the resulting electron temperature in the absorber.  The 

results of such a measurement are presented in Fig. 14.  The 

maximum increase in sensor voltage is about 105 µV.  

Taking into account the calibration curve for sensor junctions 

with dV/dT=1.08 µV/mK one can estimate the cooling effect 

as 97 mK.  So we can expect a maximum cooling of -97 mK 

at the corresponding bias point of 3 mV, for the series array 

of 10 bolometers.  Maximum response for array is observed 

at a bias voltage of 2 mV, that corresponds to a 200 µV bias 

voltage for each single bolometer, like in Fig. 14.  At this 

voltage we have an increase of the sensor voltage by 49 µV, 

that corresponds to cooling down by 45 mK, i.e. from the 

base temperature of 276 mK down to 230 mK.   
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The effectiveness of connecting bolometers in a series 

array and electron cooling can be illustrated by direct optical 

measurements of dynamic range.  For such experiment we 

use Backward Wave Oscillator (BWO) that operates in a 

frequency range of 250-380 GHz for anode voltages in the 

range 1100-3800 V.  A calibrated polarisation grid attenuator 

was used for accurate control of the incident power.  Inside 

the cryostat besides the 20 dB NDF cold attenuator at the 

optical window we also use our cold rotatable stage with 

opaque Cu window, 10 dB NDF, and open aperture.  A photo 

of a room-temperature setup is presented in Fig.15.  The 

measured output voltage dependence on signal attenuation is 

presented in Fig. 16.   

 

Fig. 15.  The backward wave oscillator (to the right), the polarisation grid 

attenuator (in the center), and the optical window of He3 cryostat (to the left) 

in the experiment to measure the dynamic range of the bolometer. 
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Fig. 16.  The output voltage dependence on incoming signal attenuation for 

242 GHz and 292 GHz radiation from backward wave oscillator.  

Accuracy of such measurements is limited by mechanical 

instabilities and leak of power through NDF.  Nevertheless 

even in this experiment the dynamic range is over 30 dB.  If 

we take the lower signal level equal to amplifier noise of 

11 nV/Hz
1/2

 and saturation level as presented in Fig. 16 of 

200 µV both measured with integration time 1 s, this results 

in a full dynamic range of bolometer array over 43 dB.   

V. CONCLUSIONS 

Optical response with NEP=Vn/S=2.2*10-17 W/Hz1/2 at 

345 GHz, temperature response dV/dT=8.8 µV/K, power 

response dV/dP=8.6*10
8
 V/W, optical 

NETD=0.65 mK/Hz
1/2

; dark NEP=6*10
-18

 W/Hz
1/2

, and 

dynamic range over 30 dB were measured at T=280 mK for a 

series array of cold-electron bolometers integrated in a cross-

slot antenna.  Electron cooling by 45 mK at maximum 

response bias point improves the NEP of such detector and 

increases the dynamic range.   
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Abstract

Based  on  our  reconfigurable  FPGA  spectrometer  technology,  we  have  developed  a  read-out  system, 
operating  in  the  frequency domain,  for arrays  of Microwave Kinetic  Inductance Detectors  (MKIDs).  The 
readout consists of a combination of two digital boards: A programmable DAC-/FPGA-board (tone-generator) 
to stimulate  the MKIDs  detectors and  an  ADC-/FPGA-unit  to analyze the detectors response.  Laboratory 
measurement show no deterioration of the noise performance compared to low noise analog mixing. Thus, this 
technique allows capturing several hundreds of detector signals with just one pair of coaxial cables.

This readout technology together with the encouraging performance of the MKID detectors developed by 
SRON over the last years, initiated the construction of a large MKID camera for the APEX 12m telescope.

As a pathfinder camera, we developed a camera with up to 81 pixels, depending on the detector chip used, 
during the last year. This system, currently being tested in the lab, will have its first telescope run at APEX in 
early spring 2010.

We will report about the system, its performance as verified in the lab and, if possible on the time-scale of 
the conference, the first results from the field tests at the telescope.

Development of a MKID camera for APEX

Heyminck, S.1, Klein, B.1, Güsten, R.1, Kasemann, C.1, Baryshev, A.2, Baselmans, J.2, Yates, S.2, and 
Klapwijk, T.M.3
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Abstract—MUSIC (Multiwavelength Sub/millimeter kinetic In-
ductance Camera, formerly the MKID Camera) is a new facility-
class instrument for submillimeter- and millimeter-wave astroph-
sics at the Caltech Submillimeter Observatory (CSO) on Mauna
Kea, Hawaii. The instrument utilizes microwave kinetic induc-
tance detectors (MKIDs), coupled to slot-line antennae through
lithographic bandpass filters, offering simultaneous imaging in
four bands between 2 mm and 850 µm with 576 spatial pixels.
The MKID technology naturally leads to implementation of a
frequency-division multiplexing scheme, with several hundred
detectors read out through a pair of coaxial connections and
a single cryogenic HEMT amplifier. Room-temperature readout
is handled with commercial software-defined radio techniques.
MUSIC is a collaborative project between the California Institute
of Technology, the Jet Propulsion Laboratory, the University of
Colorado at Boulder and the University of California, Santa
Barbara, and is due for commissioning in late 2010. This paper
presents an overview of the project, and an update on the current
status and latest results.

I. INTRODUCTION

The development of large-format instruments with arrays
of incoherent detectors for astronomy at millimeter and sub-
millimeter wavelengths has proved to be extremely challeng-
ing. However, in the last few years considerable success
has been realized through the use of transition-edge sensor
(TES) bolometers [1] multiplexed with SQUID arrays [2], with
instruments such as SCUBA-2 on the James Clerk Maxwell
Telescope [3] producing first results. However, such focal
planes present considerable technical challenges in implemen-
tation.

We report on the progress towards deployment of a new
instrument for millimeter wave astronomy from the Caltech
Submillimeter Observatory (CSO), Mauna Kea, Hawaii. MU-
SIC, the Multicolor Submillimeter kinetic Inductance Camera
(formerly the MKID Camera), use microwave kinetic induc-
tance detectors, or MKIDs, a novel superconducting detector
that overcomes many of the complexities associated with

SQUID multiplexing systems for TES detectors. This paper
discusses a number of the key design features of the MUSIC
instrument, in addition to a summary of the current status of
the project.

II. MICROWAVE KINETIC INDUCTANCE DETECTORS

MKIDs are a type of superconducting detector in which
the energy absorbed from an incoming photon breaks Cooper
pairs. The physics of MKIDs have been extensively discussed
elsewhere [4], and only an overview will presented in this
work.

For alternating currents, superconductors have a non-zero
impedance since the Cooper pairs can be accelerated by an
electric field, allowing energy to be stored in or extracted
from the kinetic energy of the paired electrons. The inertia of
the Cooper pairs contributes to what is known as the kinetic
inductance.

At finite temperatures below the transition temperature, Tc,
a small fraction of electrons are thermally excited out of
paired states to produce a surface impedance, Zs. The surface
impedance of a pure superconductor is imaginary since the
inductive response of the Cooper pairs is lossless. The free
electrons, or “quasiparticles”, produce a real component in
Zs, analogous to the skin effect in a normal metal. Cooper
pairs are bound by electron-phonon interaction with a binding
energy ≈ 3.5kTc, where k is the Boltzmann constant. Photons
with energy greater than this binding energy can break Cooper
pairs, causing an increase in the quasiparticle density and a
change in Zs.

To use this effect as a photon detector, thin films of
aluminium and niobium are used to construct LC resonant
circuits. When a photon is absorbed, the change in <(Zs)
due to quasiparticle production increases the attentuation of
the feedline, while the change in =(Zs) reduces the phase
velocity (Fig. 1). These changes are measured as a change in
Q and in the resonant frequency.
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Fig. 1. Illustration of the MKID detection principle. On resonance, the LC
circuit loads the feedline, producing a dip in transmission. Absorbtion of a
photon produces quasiparticles, increasing the surface impedance, resulting in
a frequency shift of the resonance and a broader, shallower dip. Both effects
contribute to a change in amplitude and phase of the microwave transmission.
Figure adapted from Ref. [4].

The readout scheme for MKIDs uses homodyne mixing
to measure the complex transmission of a microwave probe
signal. An MKID is excited at its resonance frequency, while
the output of the detector is amplified with a cryogenic
HEMT and room-temperature electronics. The output signal is
demodulated using a copy of the input signal with an IQ mixer,
producing a recovered signal that has in-phase and quadrature
components.

Away from resonance, the transmission of the LC circuit
is close to unity, so multiple resonators with slightly different
frequencies may be coupled to a single transmission line. The
quality factors of these resonators is high (> 104), allowing
resonant frequencies to be closely spaced. Sufficient control
over resonant frequency for submillimeter detectors has been
demonstrated to allow resonance spacing of as little as a few
MHz.

TABLE I
MUSIC OBSERVING BANDS.

Band Band center / GHz Band width / GHz

0 150 36

1 226 48

2 293 35

3 349 19

The MKID design currently under development for sub-
millimeter radiation is a hybrid design using niobium and
aluminium. A schematic of the design is shown in Fig. 3a.
Radiation is coupled into an aluminium strip where the pair-
breaking occurs. The aluminium section forms part of an
inductive meander. The capacitive section of the resonator
is a niobium interdigitated design that displays advantageous
noise properties over previous designs [5]. The resonator is
capacitively coupled to a coplanar waveguide transmission
line that carries the microwave probe signal. Current MKID
designs have resonant frequencies between 3 and 4 GHz.

III. INSTRUMENT DESCRIPTION

MUSIC implements a focal plane of antenna-coupled MKID
resonators, filling a field-of-view of 14 arcminutes at the
Cassegrain focus of the 10.4 m Leighton telescope of the
Caltech Submillimeter Observatory. The key features of the
instrument design are discussed in more detail in the following
sections.

A. Focal plane

Development of MKIDs for submillimeter astronomy at
Caltech has adopted an antenna-coupled scheme. Radiation
is coupled from the telescope to broadband planar slot an-
tennae. [6] A binary summing network combines the received
power from the antenna slots, and then feeds this power to the
MKID resonators. In the case of the MUSIC implementation,
lithographic filters define the final bandpass of the resonators,
allowing multiple MKIDs to be connected to a single antenna
to form a multicolor spatial pixel. The final focal plane
design will have four observing bands between 850 µm and
2 mm well-matched to the atmospheric transmission windows
from the summit of Mauna Kea. Details of the bands are
summarized in Table I, while Fig. 2 shows the 4 MUSIC
bands overlaid on an atmospheric transmission plot for the
summit of Mauna Kea with 1.68 mm of water vapor (the
historical median at CSO). As may be seen, the bandpasses
are well-matched to the atmospheric windows between 100
and 380 GHz.

Current prototype arrays have 36 spatial pixels in a 6 × 6
layout, each with three resonators operating in bands 1–3.
A fourth, dark resonator is also included. This resonator is
coupled to the transmission feedline, but not to the antenna.
Four of these spatial pixels on an early prototype 36-pixel
array are shown in Fig. 3b. Also shown here is the transition
from the CPW feedline on the array to a microstrip line. The
resonant frequencies on these arrays have a target spacing of
5 MHz, such that the 144 resonators fit within two ∼400 MHz
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Fig. 2. Simulated bandpasses of the four MUSIC observing bands (solid
lines) overlaid on an atmospheric transmission plot (broken line) for the
summit of Mauna Kea at 1.68 mm water vapor. Figure adapted from Ref. [7].

blocks of readout bandwidth, a limit set by the readout
electronics discussed later in this section. The arrays are back
illuminated, with an antireflection coating provided by a fused
silica tile tuned to λ/4 at 1 mm. Concerns over heating in the
AR tiles from absorbed optical power have prompted a move
to Z-cut single crystal quartz as a substitute.

The MUSIC focal plane will be formed from a mosaic of
octant tiles, each approximately 66 × 34 mm, with 72 spatial
pixels and 288 resonators per tile. Each octant is essentially
two arrays of 36 pixels fabricated on a single wafer. The
frequency spacing of the resonators will be reduced over the
prototype arrays such that each block of 36 pixels is placed
within the bandwidth of one readout module. The full focal
plane therefore has a total of 576 spatial pixels, and 2304
illuminated resonators. Additional dark resonators may also
be included.

B. Cryomechanical design

The MUSIC cryostat is based on a modified system built
by High Precision Devices,1 cooled by a Cryomech2 PT-415
pulse tube cooler, providing stages at 50 K and 4 K for
radiation shielding, infrared filtering and heat sinking. A Chase
Cryogenics3 two-stage 3He sorption refrigerator provides sub-
Kelvin stages: an intermediate heat sinking stage at ∼0.36 K
and the focal plane heat sink at ∼0.25 K. An overview of the
cryostat is shown in the CAD solid model in Fig. 4a.

The 4-K space is a cylindrical volume of ∼450 mm diameter
and 850 mm in height. Due to the sensitivity of the MKIDs
to changes in the magnetic field environment (for example,
as the the cryostat moves through the Earth’s field as the
telescope scans in azimuth), the focal plane hardware is
enclosed by a cylindrical shield of high-magnetic permeability
material. In the past, the material most commonly used for
such cryogenic shields was Cryoperm-10, a mu-metal annealed
to maximize its magnetic permeability at ∼4 K produced

1http://www.hpd-online.com
2http://www.cryomech.com
3http://www.chasecryogenics.com

by Vacuumschmelze GmbH. in Germany and primarily dis-
tributed through Amuneal Manufacturing Corp.4 The shield
in MUSIC is fabricated from a new material, Amumetal 4K,
produced exclusively for Amuneal and displaying improved
shielding properties over Cryoperm-10 at considerably reduced
cost. The high-permeability shield for MUSIC comprises a
double-walled cylinder of 1 mm-thick material with an outside
diameter of 358 mm and length 625 mm. Further shielding is
provided by a niobium superconducting can, heat sunk at the
intermediate sub-K stage inside the high-permeability shield.
A CAD cross-section of the magnetic shield and enclosed
hardware is shown in Fig. 4b.

The cold hardware structure is supported from the 4-K cold
plate by a truss composed of carbon fiber-epoxy composite
rods. Although this truss is not intended to be thermally isolat-
ing, the carbon fiber supports have a higher Young’s modulus
and much lower density that materials such as aluminium
alloys and copper, and are considerably less expensive. Carbon
fiber trusses with cooling provided by copper straps therefore
offer an inexpensive and extremely stiff structural support for
instrument cold hardware. The total mass supported from this
truss is ∼40 kg, while the deflection of the support structure
under gravity, as predicted using finite-element analysis, is
∼50 µm. The mass of the cold structures has been minimized
through the extensive use of aluminium alloys with copper
thermal straps for critical cooling paths, rather than bulk
fabrication using copper.

The sub-K stages are also supported by trusses of reinforced
carbon fiber. Although the thermal conductivity of carbon
fiber-epoxy composites are higher than traditional low tem-
perature structural materials such as Vespel (see, for example,
Ref. [8]), the higher Young’s modulus allows smaller cross-
sectional areas to be used. Furthermore, carbon fiber compos-
ites may be obtained at a fraction of the price of Vespel.

C. Optomechanical design

MUSIC is intended to be mounted at the Cassegrain focus
of the CSO, the position currently utilized by the Bolocam
instrument. However, in order to maximize the instrument field
of view, the tertiary mirror assembly (a system of movable
mirrors designed to allow instruments at the Nasmyth foci to
be selected) and relay optics were redesigned, increasing the
field of view from 8 arcminutes as in the current configuration
to at least 14 arcminutes. The field of view is then limited by
the aperture in the telescope primary reflector. The new relay
optics from the secondary focus are essentially a scaled-up
version of the existing Bolocam relay optics, with two flat
mirrors to fold the optical path, and an elliptical mirror to
form an image of the primary. All mirrors are of order 1 m in
size and machined from aluminium alloy.

Within the cryostat, a cold stop is positioned at the image
formed by the elliptical mirror to define the illumination of the
primary. The lyot stop is sized such that ∼9 m of the 10.4 m
telescope primary is illuminated. This illumination is chosen
such that point-source sensitivity is maximized while limiting
the primary spillover power to <1% in all four bands. Rays are

4http://www.amuneal.com
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(a) Schematic of an MKID resontator with an interdigitated capacitor architec-
ture. See text for further details. Figure adapted from Ref. [5]

(b) Image of a prototype array. Four spatial antenna pixels may
be seen, each coupled to 4 MKID resonators. Also seen here is
the transition from on-chip CPW feedline to microstrip (lower
left corner of image).

Fig. 3. Microwave kinetic inductance detectors for submillimeter wavelengths.

(a) Overview model of the MUSIC cryostat cold hardware. (b) Cross-section of the MUSIC magnetic shield showing the sub-K
stages and the cold optics.

Fig. 4. CAD solid models of the MUSIC instrument.
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focused to the focal plane by a cold lens 275 mm in diameter
and ∼65 mm-thick at its center. This lens is machined from
ultra high-molecular weight polyethylene (UHMWPE), with
an antireflection coating of Porex5 porous teflon attached by
melting thin intermediate layers of low-density polyethylene.
The coating is tuned to a wavelength of 1 mm. The path length
from the lyot stop to the focal plane is over 450 mm, while
the final image at focal plane has a diameter of ∼130 mm.
The overall optical efficiency of the system ranges from ∼8
to ∼13% in the four observing bands. This low efficiency is
dominated by spillover at the cold stop, and the fact that the
antennae only couple to a single polarization.

Infrared filtering in MUSIC is achieved with a combination
of capacitive metal-mesh and dielectric filters. The cryostat
has a UHMWPE vacuum window. The relatively high thermal
conductivity of polyethylene compared to Zotefoam, a cross-
linked block foam commonly used as a window in millimeter-
wave instruments, means that the window does not passively
cool to any great extent. Combined with the large surface
area (the window aperture is ∼300 mm), the result is a
large radiative load on the first infrared blocking filters. In
order to reduce this loading, the outermost filter on the 50-
K radiation shield is a polypropylene IR shader produced by
QMC Instruments Ltd.6 [9]. Further filtering is provided by a
pair of 16 mm-thick PTFE discs, with Porex AR coating as
described previously.

At the 4-K shield, further infrared rejection is provided by
a pair of 6 mm-thick AR-coated PTFE discs sandwiching
a 3 mm-thick Fluorogold (glass loaded teflon) filter with
250 mm clear apertures. Finally, a 125 mm diameter QMC
metal-mesh low pass filter at the lyot stop defines the high-
frequency edge of the passband at 405 GHz (13.5 cm−1).

D. Readout
As described previously, the MUSIC focal plane is com-

posed of a mosaic of octant tiles Each of the 8 tiles requires
an input and output coaxial cable. Semirigid coaxial cables
are used throughout the cryostat. From the room temperature
flange to the 4-K cold plate, the coaxs are single lengths of
0.086” stainless steel, approximately 500 mm long, with a
copper clamp approximately half way along the cable for heat
sinking at the 50-K cold plate. The stainless steel coaxs are
terminated with SMA connectors, fabricated by welding rather
than soldering in order to increase cryogenic reliability. The
stainless steel coaxs connect to a bulkhead at the 4-K cold
plate, which includes fixed attenuators (typically 30dB on the
input coaxs and 1dB on the output).

On the cold side of the 4-K plate, the input coaxial lines
transition to 0.064” NbTi semirigid cables, providing thermal
isolation between the 4-K plate and the intermediate heat sink-
ing stage at ≤0.4 K, where the coax is again heat sunk using
an attenuator (typically 10dB). NbTi coax is used between
the intermediate heat sink and the focal plane, terminating is
adaptors from SMA to GPO blindmate connectors7 for the
final connections to the focal plane.

5http://www.porex.com/
6http://www.terahertz.co.uk/
7Corning Gilbert, http://www.corning.com/gilbert

Fig. 5. Typical noise and gain performance of a broadband cryogenic HEMT
LNA of the type used for MUSIC, measured at 15 K. Data courtesy of
H. Mandi and S. Smith (California Institute of Technology).

The output coaxs from the focal plane are again NbTi.
After the intermediate heat sink stage, the coaxs connect to
cryogenic HEMT amplifiers mounted on the 4-K cold plate
(one amplifier per output cable). The final connection from the
HEMTs to the 4-K bulkhead is made with 0.086” copper coax.
The HEMTs are provided by S. Weinreb’s group at Caltech,
and at the MUSIC resonator frequencies typically provide a
gain of 30–40dB and a 5 K noise temperature, with ∼30 µW
power dissipation. Typical performance data at 15 K for one
of the MUSIC HEMTs is shown in Fig. 5.

E. Room-temperature electronics

The analog homodyne readout scheme described in § II for a
single resonator is clearly not practical for the implementation
of an MKID array. Readout of multiple resonators can be
achieved using a system to generate a comb of probe signals
simultaneously [10]. Large-bandwidth, high-speed digital-to-
analog converters are used to play back a predefined wave-
form at audio frequencies. The I and Q components of the
probe signal are generated independently, and are mixed and
upconverted to the resonator band at GHz frequencies. The
frequency comb is passed through the cryostat to excite the
resonators, then mixed back down to audio frequencies. The
individual resonator responses recovered using an FPGA as a
channelizer, demodulating the signal at each comb frequency
to determine the response of each resonator. A simplified block
diagram of this system is shown in Fig. 6. The electronics
are designed in modules, since current limitations on fast
ADCs limit the bandwidth of a single unit to approximately
500 MHz, so multiple copies of the electronics are required
to read out large focal planes.

Two different systems have been developed for resonator
readout. The first is a commercial system from Omnisys
Instruments AB in Sweden. In parallel, a project led by UC-
Santa Barbara is developing an open source FPGA readout
system based on the ROACH platform developed by the
CASPER group at UC-Berkeley. This open source readout
uses largely commercial software-defined radio techniques
from the telecommunications industry to produce a generic
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Fig. 6. Simplified block diagram for a multiple resonator MKID readout system. A frequency comb at audio frequencies is played back from memory
using fast DACs. The I and Q components are combined with an upconverting mixer and based through the cryostat. The signal is then mixed back to audio
frequencies and the individual resonator responses are recovered by Fourier transforms of the I and Q components.

readout system for superconducting resonators. The system is
modular, so is easily upgradable, and the open source nature
of the firmware programming allows extensive customization.
At present, prototype modules of each system are under
evaluation.

IV. CURRENT STATUS AND TIMELINE

Development of arrays and the integration of camera hard-
ware has been separated in order to allow parallel development
tracks. At present, the cold hardware for the MUSIC cryostat
has been fully fabricated, and the process of assembly and
integration is due to commence shortly. Although the base
cryostat has been operational for over a year, the dewar has
so far been used for unrelated testing and for cryogenic testing
of HEMT amplifiers.

Array testing and development has primarily been con-
ducted using a smaller cryostat, that has also served as a
prototype instrument for testing arrays on-sky at the CSO. This
cryostat, known as DemoCam, has been used for extensive
lab testing, and in 2007 was used for the first astronomical
demonstration of MKIDs using a 16 pixel, 2 color array [11].
Based on lessons learned during that engineering run, a
number of modifications were implemented in the cryostat,
in addition to an upgrade to a 36-pixel, 3 color focal plane
in preparation for a second engineering run. One of the key
changes in advance of this second run was the installation of a
high-permeability magnetic shield to counteract the observed
response of the MKID resonators to changes in the magnetic
field environment during telescope scans. Measurements made
during the 2007 engineering run showed resonator frequency
responses to magnetic fields of order 100 kHz/Gauss. Lab
measurements of the resonator response with the new shielding
installed has indicated a reduction of response of 4 orders
of magnitude. More extensive shielding integrated with the
MUSIC cryostat and focal plane is expected to reduce this
effect by a further 2 orders of magnitude.

Preparations are currently underway for a second engineer-
ing run at CSO with the improved demonstration camera and
a 36 pixel, 3 color focal plane. This run will also be an on-sky
test of the CASPER/ROACH-based readout electronics. Based

on lab measurements carried out with the current array, it is
expected that sensitivities at or very close to the background
limit will be demonstrated during this run.

With the successful conclusion of this second run, array
development will continue with the first fabrication of 72
pixel, 4 color arrays for the MUSIC focal plane. It is not
anticipated that this development will be a technically chal-
lenging process, since the new arrays will simply be a scaled
version of the current generation of 36-pixel arrays. However,
there will likely be issues with fabrication yield that will
be overcome through process iteration. Modifications at the
CSO in preparation for the new instrument will be carried out
during the annual maintenance shutdown in July, with MUSIC
anticipated for deployment for initial commissioning towards
the end of 2010.

V. SUMMARY

This paper has discussed details of the MUSIC project -
a new sub/millimeter array camera intended for use at the
Caltech Submillimeter Observatory as a replacement for the
current Bolocam instrument. In parallel with the assembly and
integration of the camera, array development has been ongoing
in a prototype instrument known as DemoCam. It is expected
that commissioning of MUSIC will begin in late 2010, pending
in part the successful conclusion of a telescope engineering run
with DemoCam.
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Abstract

Microwave Kinetic Inductance Detectors (MKIDs) are superconducting microresonators useful as de-
tectors for sub/millimeter and far-infrared cameras, as well as instruments in optical and x-ray wavelengths.
A probe sine wave at the resonance frequency can detect a change in frequency and microwave loss due to
submillimeter optical load as a phase or amplitude change. These detectors may be coupled to light through
on-chip, phased-array antennas. A single antenna may feed several detectors with different bandpasses
defined by on-chip lumped-element filters. The resonators are easily frequency multiplexed by tuning the
resonance frequencies, so hundreds of detectors can be read out while coupled to a single feedline.

The deployment and operation of ground-based, background-limited detectors in close-packed arrays
present significant challenges in both readout strategy and array design. The initial designs consisted of
simple coplanar waveguide microwave resonators with aluminum absorptive sections. The first change has
been to substitute the capacitive portion of the resonator with a large interdigitated capacitor (IDC) to reduce
its noise contribution. While their low-noise characteristics have been demonstrated, these detectors had not
yet been tested on array-scale devices. We present results from arrays of detectors designed for sub/millimeter
imaging, tested for their optical response characteristics. In particular, we address challenges of microwave
inter-resonator coupling, out-of-band resonator optical sensitivity, and noise reduction in the latest device
designs. We show the results of stepped-impedance filters in preventing direct pickup of wide-band radiation,
and new frequency spacing to limit crosstalk between resonators. We show direct comparison between older-
design coplanar waveguide resonators and new IDC resonators under optical load, demonstrating the noise
reduction and comparable responsivity. In addition, we show results of the probe signal readout power that
maximizes signal-to-noise.
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Abstract 

In November 2007 and October 2008, we demonstrated a new camera for the 2 mm wavelength band, 
GISMO (Goddard IRAM Superconducting 2 Millimeter Observer), at the IRAM 30 m telescope in Spain. 
Based on a novel superconducting transition edge sensor bolometer array, GISMO features a compact optical 
design that should provide rapid imaging in its band. We detail the calculations made for GISMO to determine 
the atmospheric emission optical loading and resultant photon noise in the 2 mm band at Pico Veleta, and 
show confirming measurements obtained during the observing runs. 

 

Pico Veleta Atmospheric Noise Limits 
At Millimeter Wavelengths 

Dominic J. Benford*, Dale J. Fixsen*,†
, Samuel Leclercq‡ and Johannes G. Staguhn*,§. 
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Abstract—The performance of Transition Edge Sensors (TES) 

based on Mo/Cu and Mo/Au is assessed. We have fabricated a 

number of TES bolometers from Mo/Cu and Mo/Au allowing 

TESs to be fabricated on free-standing micromachined 

membranes. The low stress conditions allow very thin SiNx to be 

used for the membranes, which helps with achieving low-

conductance thermal links and low heat capacity. Long-term 

stability against inter-diffusion is an intrinsic feature of Mo/Cu, 

but suitable passivation is needed to achieve long-term stability 

against corrosion. The Mo/Au bilayer does not need a 

passivation, Mo/Au TESs also show improved chemical, 

electrochemical and thermal stability compared to other bilayer 

combinations. The transition temperature of both Mo/Cu and 

Mo/Au is reproducible, sharp and tuneable over the whole 

range of temperatures need for space applications. The 

bolometer can be produced using standard lithographic 

techniques without any degradation of performance.  

INTRODUCTION 

The rapid development of TESs over the last decade has 

led to their widespread use on ground-based and balloon-

born mm-wave and submm-wave telescopes. Experience 

with TES technology in these instruments has increased its 

technology readiness level, and has paved the way for use on 

future space missions such as B-POL, SPICA and FIRI [1-

3].The next generation of space missions covering the mm-

wave to far-infrared bands will require large-format arrays of 

extremely low-noise detectors and the sensitivity should 

increase by at least two orders of magnitude. The current 

TES detectors developed for ground-based applications have 

NEPs of around 10
-17

 WHz
-1/2

 [4-8]. In space applications, 

where the background loading is considerably lower than the 

best terrestrial sites the required NEP drops to on order 10
-19

 

WHz
-1/2

.While it is technically feasible to manufacture single 

TESs having this sensitivity, it is challenging to create an 

ultra-low-noise TES technology that can be engineered into 

complete imaging arrays, with the needed optical packing 

and uniformity of performance.  

 

 

 

DETECTOR FABRICATION 

 

Our TESs consist of superconducting Mo/Cu or Mo/Au 

bilayers that sit on a silicon nitride membrane isolated from a 

heat bath by thin legs with different widths and lengths. We 

are using Nb as a bias connection (Fig. 1, 2). 

 

 
 

Fig. 1. A single Mo/Au TES with thick Au banks and fingers      

partially across the TES. The SiNx island is 200nm thick. The 

dashed line A-A refers to Fig. 3 

 

 
 

Fig. 2. Mo/Cu TES with 1µm SiNx (200nm thick) legs,  

1µm Nb  connection and SiO2 passivation layer.  
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The devices are fabricated on 50mm, 225 µm thick <100>, 

double-side polished Si wafers. These wafers have a 50 nm 

thermal oxide and 200 nm of low-stress SiNx, formed by low-

pressure chemical vapour deposition, on both sides. 

Ultimately the silicon nitride becomes a suspended 

membrane, produced by back-side etching of the supporting 

silicon substrate, to give the required thermal isolation.  

 

 
 

 

 Fig. 3. Schematic process flow for device fabrication. Cross-

 section along the dashed line shown Fig. 1. 

 

Device fabrication starts with a Reactive Ion Etch (RIE) of 

the SiNx using CHF3 gas to outline the devices and define the 

membrane and legs (Fig. 3.2). The bilayer is deposited by dc 

magnetron sputtering with a base pressure of ~ 1 x 10
-9 

Torr, 

and consists of a Mo layer followed by a Cu or Au layer 

deposited in quick succession to prevent any oxidation of the 

interface. The bilayer is then patterned by wet etching the Cu 

in a 5% solution of ammonium persulfate and water. The 

gold is etched in commercial Gold Etchant (iodine plus 

potassium iodide). Then the Mo is etched in commercially 

prepared aluminium etch.   Additional normal metal Cu or 

Au banks and zebra stripes [9] are added by sputtering 

through a photoresist lift-off stencil covering the edges of the 

bilayer (Fig. 3.3) [10]. The bias connection of Nb, is then 

deposited and patterned by lift-off (Fig.3.4). The SiO2 is used 

as a passivation layer for Cu. The SiO2 layer is removed from 

unwanted areas by lift-off (Fig3.5). The device is then ready 

for the RIE silicon nitride etching on the back of the wafer 

and bonding face down to a carrier wafer (Fig. 3.6 and Fig. 

3.7). The last step is the fabrication of the suspended 

membrane, which requires removal of the supporting Si from 

the window using Deep Reactive Ion Etching, thus leaving 

the TES membrane suspended on nitride legs. 

 

  RESULTS AND CONCLUSIONS  

 

We have developed deposition and processing techniques 

for Mo/Cu and Mo/Au TES detectors. The same geometry 

was used to fabricate Mo/Cu and Mo/Au TESs (Fig. 4). 

 

 
 

Fig. 4. Completed wafer  

 

 
 

Fig. 5. A single Mo/Cu TES on 200nm SiNx membrane 

suspended on 4.2µm width and 420µm length legs. 

 

We measured the superconducting-resistive transition of 

40nm Mo/30nm Cu and 40nm Mo/30nm Au. In both cases 

the transition is reproducible and sharp. Fig. 6 and Fig. 7 

show a typical resistive transition for the process devices. 
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Fig. 6. Typical resistive transition of Mo/Cu (40/30nm) 

TES 

 

Fig. 7. Resistive transition of a Mo/Au (40/30nm) TES 

 

We fabricated devices with different Mo/Cu bilayer layup, 

40nm/30nm, 40nm/81nm and 40nm/106nm. The transition 

temperature is 382mK, 210mK and 122mK respectively. 

Typical Tc for Mo/Au (40nm/30nm) is 765mK. For different 

thicknesses of Cu and Au layers we measured the electrical 

conductivity (Fig. 8) which is related to the thermal 

conductivity through the Wildemann-Franz law. High 

thermal conductivity reduces noise due to internal thermal 

fluctuations [11]. 

 

 

Mo/Cu and Mo/Au TESs are an establish technology and 

suitable for space application. Low stress Mo/Cu and Mo/Au 

bilayer films allow TESs to be manufacture on free-standing 

micromachined membranes. Long term stability against 

inter-diffusion is an intrinsic feature of Mo/Cu and Mo/Au 

bilayer [12]. Mo/Au shows long term-stability against 

corrosion. For Mo/Cu to achieve this stability it needs 

suitable passivation, in our case SiO2, although can be 

difficult to get good adhesion to Cu. The transition of Mo/Cu 

and Mo/Au is reproducible, sharp and tunable over the whole 

range of temperatures needed for space applications. The 

bolometers can be produced using standard lithographic 

techniques without any degradation of detector performance. 

Mo/Au TESs are extremely rugged devices and they can 

withstand extraordinary – including prelaunch – 

environments. This is a consideration specific to space 

application.  
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Fig. 8. Conductivity for different thicknesses of Cu and Au layers. 
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Abstract— The Cold-Electron Bolometer (CEB) is a very 
sensitive millimetre-wave detector which is easy to integrate 
with planar circuits. CEB detectors have other important 
features such as high saturation power and very fast response. 
We have designed, fabricated and tested CEB detectors 
integrated across the slot of a unilateral finline on silicon 
substrate.  Bolometers were fabricated using e-beam direct-
write trilayer technology.  The CEB performance was tested in a 
He3 sorption cryostat HELIOX-AC-V at a bath temperature of 
280 mK.  To reduce the background power radiation 
overheating the optical window in the cryostat was equipped 
with two low-pass filters with cut-off frequency 33 cm-1 and 100 
cm-1 and 2 neutral density filters with 10 db attenuation each.  
DC IV curves were measured in a current bias mode, optical 
response was measured by irradiating samples with a 
microwave signal from IMPATT diode at 110 GHz modulated 
at 127 Hz.  These tests were conducted by coupling power 
directly into the finline chip.  The signal response was measured 
using a lock-in amplifier.  The bolometer dark electrical noise 
equivalent power is estimated to be about NEP=5·10-16 W/Hz1/2 . 
 

I. INTRODUCTION 
A new generation of bolometric detectors is needed for 

advanced telescopes for sub-mm imaging, CMB polarization 
experiments and far-infrared spectroscopy.  One candidate 
technology is the capacitively coupled Cold-Electron 
Bolometer (CEB) [1]-[4]. The CEB can be used with both 
JFET [3] and SQUID readout [1, 2] systems, both of which 
are now well developed for use in astronomical instruments. 
JFET readout systems have been used with NTD 
semiconductor bolometers on ground based, balloon borne 
and space based instruments. SQUID readout and 
multiplexing have been developed for TES (Transition-Edge 
Sensor) bolometers [1] and used in both ground and balloon 
based instruments. Our goal is to develop CEBs that can be 
read by a JFET or SQUID, so that the performance of the two 
systems can be compared. . 

The CEB is a planar antenna-coupled superconducting 
detector with high sensitivity and high dynamic range.  A 
unique feature of this device is electron cooling by SIN 
tunnel junctions with strong electro-thermal feedback [5]. 
The CEB devices considered here consist of a normal metal 
absorber coupled to superconducting electrodes via SIN 
tunnel junctions at each end of the absorber. RF power from 
the antenna is capacitively coupled through the SIN tunnel 
junctions into the absorber. The absorbed power heats 

electrons above the Fermi level and the hottest electrons 
eventually tunnel through junction oxide barrier. 

The cooling of the device as a result of removing the hot 
electrons from the absorber increases dynamic range of the 
system, thus substantially increasing the detector saturation 
power. This is to be contrasted with the operation of the TES 
where a biasing constant voltage source heats the device to 
keep it near the transition temperature. It has already been 
shown [1-3] that a cold-electron bolometer with strong 
electrothermal feedback can potentially give state of the art 
noise performance in presence of a realistic background 
power load. The time constant of CEB could be considerably 
reduced by the loop gain of negative electrothermal feedback 
to the level of 10 ns which is several orders of magnitude 
shorter than that for TES detectors.  The CEB is therefore a 
very promising device for future space telescopes due to fast 
response, high sensitivity and low noise.  

II. CEB  DEVICE MODEL 
The operation of CEB can be described using the heat 
balance equation [1, 2]: 

 
)(0

22
)55(),,( tPP

dt
dTCabsRI

jR
V

phTeTphTeTVcoolP δ+=Λ+++−ΣΛ+

   (1) 
The right hand side represents the total power injected into 

the device. 
The first term in the left hand side of the equation (1) 

Pcool(V,Te,Tph) is the cooling power of the SIN tunnel 
junction, where and Te and Tph are, respectively, the electron 
and phonon temperatures of the absorber.  The second term 
ΣΛ(Te

5—Tph
5) is the heat flow from the electron to the 

phonon subsystems in the absorber with Σ being the material 
constant and Λ is the volume of the absorber; CΛ =  ΛγTe  is 
the heat capacity of the absorber; Rj  is the subgap resistance 
of the tunnel junction; Rabs the resistance of the absorber; P(t)  
the incoming RF power.  

 
The power flowing in and out of the CEB may be 

separated into two parts; a time independent term,  
 
ΣΛ(Te0

5 - Tph
5) + Pcool0(V,Te0,Tph)=P0  ,  

 
and a time dependent term, 

(∂Pcool/∂T + 5ΣΛTe
4 + iωCΛ) δT = δP                             (2) 
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The term Gcool = ∂Pcool/∂T is the effective cooling thermal 
conductance of the SIN junction that gives rise to the 
negative electrothermal feedback (ETF). When it is large, it 
reduces the temperature response δΤ because cooling power, 
Pcool, compensates for the change of signal power in the 
bolometer. The term Ge-ph =5ΣΛTe4 is the electron-phonon 
thermal conductance of the absorber. From Eq. (2) we define 
an effective complex thermal conductance which controls the 
temperature response of CEB to the incident signal power 

  
Geff = Gcool + Ge-ph + iωСΛ                                    (3) 
 

In contrast with TES, the effective thermal conductance of 
the CEB is increased by the effect of electron cooling 
(negative ETF). 

In what follows we will assume that the SIN tunnel 
junction is voltage-biased, and that the current is measured 
by a SQUID. The sensitivity of the device is then 
characterized by the current responsivity SI, which is the ratio 
of the current change and the change in the power load of the 
bolometer,  
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where L = Ccool/Ge-ph >> 1  is ETF gain and  
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is an effective time constant, with τ0=CΛ/Ge-ph (τ0 ~10 µs at 
100 mK). 

The strength of the electrothermal feedback is estimated 
as: 
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The noise properties of the detector are characterized by 
the NEP, which is the sum of three different contributions: 

 
NEP2

total = NEP2
e-ph + NEP2

SIN + δI2/SI
2                    (7) 

 
where        NEP2

e-ph = 10kBΣΛ(Te
6 + Tph

6)                      (8) 
 
is the noise associated with electron-phonon interaction. 
NEP2

SIN  is the noise of the SIN tunnel junctions, and the last 
term δ I2/SI

2 is the noise of a SQUID (or other) current 
amplifier with δ I expressed in pA/Hz1/2. 

The noise of the SIN tunnel junctions, NEPSIN, has three 
components: shot noise 2eI/S2

I, the fluctuations of the heat 
flow through the tunnel junctions, and the anticorrelation 
term between these two processes [1]:   

 

2

2
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III. DESIGN OF CEB AND UNILATERAL FINLINE 
The detector reported here uses a CEB with SIN tunnel 

junctions as a detector of an incoming radiation propagated 
through a 97 GHz WR-10 waveguide and a finline taper 
(Figure 1). The integrated circuit comprises a finline with a 
CEB device deposited across the fins. The CEB chip will be 
inserted into the E-plane of a rectangular waveguide block 
designed for 97 GHz frequency and fabricated by the Oxford 
Physics workshop (Figure 2).  The devices are fabricated 
using the trilayer direct-write technology presented in [6, 7]. 
This approach is suitable for low-frequency applications as it 
allows for large size tunnel junctions, which are difficult to 
fabricate using traditional shadow evaporation technique. The 
latter is more suitable for higher frequencies (350 GHz and 
above) as smaller tunnel junctions are required and can be 
more easily fabricated in that technology. The next step of 
our work will be fabrication of parallel-series arrays of CEBs 
to overcome the amplifier noise of a JFET-readout system 
[8].  

 

 
  

Fig. 1.  A Cold-Electron Bolometer (CEB) coupled to a  finline                  
with SQUID readout 

 The SQUID readout can be used the same as for TES 
bolometers with typical SQUID sensitivity of 1 pA/Hz1/2. The 
relatively moderate dynamic resistance of CEB (~1kOhm) 
should be matched to the low noise equivalent resistance of 
SQUID.  

An attractive readout option is to use a JFET-readout, 
which can operate at room temperature. For this type of 
readout system, a higher dynamic resistance at the CEB 
output is desirable, which can be readily achieved using a 
parallel-series array [8] 

 

 
Fig. 2. Photo of a waveguide mount. 
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 The performance of a cold-electron bolometer suitable for 

above described detector has already been analyzed in [1], at 
a frequency range centered at 70 GHz.   

Assuming the presence of the typical background power 
load (P0 = 0.2 pW per polarization component), the results of 
simulation are presented in Fig. 3. 
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Fig. 3 Total NEP of the CEB with SIN tunnel junction for the 70 GHz 

channel, with a SQUID noise current from 0.1 pA/Hz1/2 and 0.8 pA/Hz1/2. 
R=0.2 kOhm, S=2µm2, Vol=0.03µm3, power load  P0 = 0.2 pW, T=100 

mK. The NEPphot= 4.3·10-18 W/Hz1/2 is shown by dashed line [1]. 
 
In Fig. 3, the photon shot noise at power load P0 is given 

by 
    hfPNEPphot 02=                                     (10)    
For a detector centred at 70 GHz, the photon noise at 

power load P0 = 0.2 pW is estimated as NEPphot= 4.3·10-18 
W/Hz1/2. 

Fig. 3 shows the results of a simulation of a CEB with a 
single SIN junction, with realistic parameters for the tunnel 
junction and absorber, and values of SQUID noise from 0.1 
pA/Hz1/2 to 0.8 pA/Hz1/2. It has been shown theoretically [1] 
that the level of NEPphot can be achieved for SQUID noise 
lower than 0.5 pA/Hz1/2 

IV. ANALYSIS  OF CEB-FINLINE IC 
  We have analyzed electromagnetic behaviour of the CEB-
finline integrated circuit using Ansoft Designer and HFSS 
software. An equivalent circuit for the CEB was simulated 
with an ideal transmission line in Ansoft Designer software 
(Figure 4). In this model, the incoming signal propagates 
through a transmission line of electrical length of 360˚ and 
the power is fed into the CEB represented here by RLC tank 
circuit assuming matched terminals. The end of the 
transmission line is shorted at a distance called here “back 
short distance”. This value was set first to λ/4 and then 
optimised in order to achieve the best matching between the 
characteristic impedance of the transmission line and the 
input impedance of the RLC circuit over the band of interest.  

Fig. 4. Equivalent circuit used for simulations in Ansoft Designer. 
 
Next we used HFSS to simulate a finline CEB with   

finline slot widths between 2 and 10 microns, deposited on 
silicon or quartz. The CEB itself was represented by an 
equivalent RLC circuit.  The profile of the finline taper was 
designed using an optimum taper technique, implemented in 
the Finsynth software described in [9]. 

Simulations performed in Ansoft Designer and HFSS 
showed that most reliable matching can be achieved using 
tunnel junctions of 1.5×1.5 to 2×2 microns area, which 
correspond to capacitance values of 100-200 fF. For Si 
substrate, the optimum values obtained for the inductance 
and the resistance are 2.4 pH and 45 Ω respectively. For a 
quartz substrate, the corresponding values were 2.6 pH and 
70 Ω. Simulations also showed  that using a back short 
distance of 225-250 µm and 5 µm slot width a reflection 
coefficient down to -20 dB can be achieved for Si, while the 
result is rather insensitive to small variations in absorber 
resistance and inductance values. S11 for Si and quartz are 
shown in Figure 5a and 5b respectively. Similar values (-18 
dB) were obtained for quartz substrate at a backshort distance 
of 500 µm (Figure 5b).  Based on these simulations, we 
decided to fabricate a CEB-finline structure at 5 µm width on 
silicon substrate; using quartz substrate is still an option. 
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Fugure 5. Reflection coefficient for Si substrate(a) and quartz (b)  

V. FABRICATION  
 
The CEB-finline samples have been fabricated using e-

beam lithography in direct-write mode using the trilayer 
technology principle of fabricating tunnel junctions proposed 
by L. Kuzmin and described in [6, 7]. First, gold contact pads 
and wires have been patterned using e-beam exposure and 
thermal evaporation. Then finlines have been patterned in the 
same way and finally the Cold-Electron Bolometer structures 
have been fabricated in the middle of the finline using the 
trilayer process [6, 7]. As the last step, the Cu-Au layer has 
been removed by Ion-Beam Etching on the top of the trilayer 
structure. The photo of the fabricated CEB on finline is 
shown in Figure 6.  

 

 
Fig. 6. Photo of finline with CEB across the slot. 

 

VI. MEASUREMENT RESULTS AND ANALYSIS 
Testing of the CEB-devices was carried out at Chalmers 

University of Technology using an Oxford Instruments 
HELIOX-AC-V He3 sorption cryostat, which can reach a 
base temperature of 280mK. In order to keep the optical 
power load on the detectors to acceptable levels, two low-
pass filters with cut-off frequencies of 33 cm-1 and 100 cm-1 
and two neutral density filters with 10dB attenuation each 
were mounted over the windows in the radiation shields 
inside the cryostat. 

DC current-voltage characteristics of the CEB devices 
were measured in the fixed current bias mode, using a 
differential bias circuit with room temperature amplifiers and 
bias resistors. This circuit uses a driver circuit with bias 
resistance switchable in a range from 100kOhm to 10GOhm, 
and AD743 BiFET based first stage amplifiers with input 
voltage noise of around 4nV/√Hz. I-V curves were taken at 
several bath temperatures between 286mK and 356mK. 

The voltage to temperature response, SV/T = dV/dT of CEB 
is calculated by comparing the I-V curves at different bath 
temperatures. The IV curve of the fabricated device is shown 
in Figure 7. Voltage response to the temperature versus bias 
voltage is shown in Figure 8. 

Noise measurements were made using a lock-in amplifier 
referenced to a signal generator to make a spot measurement 
of the noise power at the voltage output of the bias system at 
127Hz, using a 24dB/oct filter. The measured total voltage 
noise is shown as a function of bias voltage in fig. 9. 
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Fig. 7.  The IV curve of CEB at temperatures 277 mK. 
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            Fig. 8. Voltage response of the CEB with changing temperature versus 
bias voltage. 

 
Preliminary optical tests of the bolometers were performed 

at 110 GHz with IMPATT diode as a signal source.  The 
optical response was measured using lock-in amplifier.  A 
photo of the experimental setup is presented in Fig. 10.   
Measurements were performed by mounting the CEB-finline 
chip on a sample holder not far away from the cryostat 
window and illuminating it from the outside. In this 
experiment, a small amount of optical power from a 110GHz 
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IMPATT diode with a horn was coupled into the finline 
which when mounted in free space behaves somewhat like a 
Vivaldi antenna, loaded on one side by the dielectric of the 
substrate. The output of the IMPATT diode was modulated at 
127Hz and the bolometer response detected via a lock-in 
amplifier, at three levels of signal power. The measured 
optical response is shown in fig. 11. 
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Fig. 9.  Noise of CEB at 127 Hz. 

 
 

 
Fig. 10.  IMPATT diode source irradiating sample at 110 GHz through 

optical window 
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Fig. 11.  Voltage response of bolometer to the incoming signal at 110 GHz at 

three levels of signal power  

 
Taking into account the above experimental data we can 

estimate the dark NEP as follows. Voltage response is 
Sv=dV/dP=(dV/dT)/G, thermal conductivity due to electron-
phonon interaction Ge-ph=5ΣvT4.  Another component of 
thermal conductivity is due to thermal flow by electrons: 

e
kI

e
IkT

dT
d

dT
dPG i

i =





==  

For the sample with two SIN tunnel junctions of 
1.5×1.5 µm2, absorber thickness of 50 nm, volume of 
absorber is 2·10-19 m3, material parameter Σ=3·109 Wm-3K-5 
for copper, at temperature of 280 mK the thermal 
conductivity due to electron-phonon interaction can be 
estimated as Ge-ph=1.84·10-11 W/K. At bias current of 20 nA 
thermal conductivity due to thermal flow by electrons will be 
Ge-ph=1.6·10-12 W/K, which yields the total thermal 
conductivity of 2·10-11. Taking the maximum experimental 
value for bolometer output noise of 10 nV/Hz1/2 (including 
the amplifier noise) and temperature response 0.5 mV/K we 
can get the rough estimation NEPibias=5·10-16 W/Hz1/2.   

 
For reduced volume of absorber and in the voltage bias 

mode with SQUID readout the dark NEP of CEB can achieve 
rather promising level.  For most of practical cases the NEP 
will be determined by a background power load that is about 
Pbg = 5 pW and for our signal frequency 100 GHz it 
corresponds to  

hfPEPNEP bgquantbgphot 22 == = 2.4·10-17 W/Hz1/2.  

 
We expect improvements in the fabrication and design of 

this device and its bias circuit to yield improved responsivity 
[9, 10]. Fig. 12 shows the calculated NEP and current 
responsivity anticipated for a device with a responsivity a 
few times better than our estimated value for the measured 
device. These results are obtained by simulation using 
advanced CEB models and assuming a SQUID readout. 
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Fig. 12. Simulated NEP components and responsivity S for improved 
parameters of the CEB, power load of 20 fW, and SQUID noise current of  
0.8 pA/Hz1/2. 

VII. CONCLUSIONS 
The analysis of a Cold-Electron Bolometer deposited 

across a unilateral finline on a planar substrate has been 
presented. The detector can be a potential candidate for the 
next space cosmology missions and can also be of interest to 
ground-based experiments as a result of the simplicity of its 
integration to planar circuit technology, high saturation 
power and fast response. 

We have fabricated finline coupled CEBs using direct-
writing of the detector structures.  We have estimated the 
dark noise equivalent power for devices in the current biased 
mode operating at 300mK and read by room temperature op-
amp electronics as NEP=5·10-16 W/Hz1/2. 

We have also measured the detector's optical response to 
CW signals at 110 GHz, directly coupled to the finline chip. 
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Abstract—We report progress in the fabrication of low-thermal 

conductance (G) transition-edge sensors (TESs) for SPICA. The 

TESs are silicon-nitride (Si-N) micro-mesh bolometers 

patterned into grid absorbers suspended by thin support beams.  

We are prototyping TESs for the Background Limited Far-

Infrared Sub-millimeter Spectrograph (BLISS) far-infrared 

(IR) grating spectrometer, for which the photon-noise-limited 

noise-equivalent power (NEP) goal is 3×10-20W/Hz1/2 and the 

NEP requirement is 10-19W/Hz1/2. The NEP sets the thermal 

conductivity (G) for a 65 mK operating temperature to be 

G=4fW/K for the NEP goal and G=45fW/K for the NEP 

requirement. We report measurements of our progress toward 

meeting the requirement and goal G values.  Additionally, 

BLISS requires the TESs to be sufficiently fast with an effective 

response time of !eff " 100ms.  For the NEP requirement and 

G=45fW/K, the heat capacity (C) of the TES absorbers should 

be on the order of 10fJ/K, which we demonstrate here.  In 

addition to building TESs and TES absorbers and support 

beams for BLISS, we can also manufacture TES absorbers and 

support beams suitable for the SpicA FAR-infrared Instrument 

(SAFARI).    We investigate the effect of a dry XeF2 etch versus 

a wet KOH etch on the C and G properties of BLISS-like and 

SAFARI-like absorbers and support beams. 

 

I. INTRODUCTION 

Instrumentation and technology for infrared (IR) and sub-

millimeter (mm) observations are enabling the next 

generation of investigations into the origins of galaxies, stars, 

planets, and life.  In order to push forward the capabilities of 

far-IR/sub-mm spectroscopic instrumentation, we are 

building ultra-sensitive transition-edge sensors (TESs).  

Additionally, we are evaluating fabrication techniques for 

producing the absorbers, support beams, and bilayer 

thermistors, which are the building blocks of TESs.  Our goal 

is to produce TESs suited to meet the requirements of the 

Background Limited far-Infrared/Sub-mm Spectrograph 

(BLISS).  The fabrication techniques used to build the BLISS 

TESs could also be adapted to suit the SpicA FAR-infrared 

Instrument (SAFARI).  Therefore, our TES detector 

technology is broadly designed for use with far-IR 

spectroscopy on the SPace Infrared telescope for Cosmology 

and Astrophysics (SPICA), a Japan Aerospace eXploration 

Agency (JAXA) led mission with ESA participation 

proposed for a 2018 launch.    

II. BLISS DESIGN 

BLISS is a space-borne, broadband grating spectrometer 

used for far-IR/sub-mm spectroscopy.  It is divided into five 

bands spanning 38!m-433!m.  BLISS uses ultra-sensitive 

TESs as detectors.  The detectors are required to exhibit a 

noise equivalent power NEP =10-19 W/Hz1/2, to have a fast 

effective response time "eff # 100ms, and to be scalable to 

more than 103 pixels. To be truly background limited, the 

NEP goal of BLISS is 3×10-20W/Hz1/2
.  The read out of the 

TES arrays is accomplished using a time-domain multiplexer 

scheme [1].  With >103 pixels in the current design, BLISS 

will have a resolving power of R $ %/&% ~ 700 in each of the 

five bands.  The combination of the goal NEP and resolving 

power R ~ 700 will allow observations that are background 

limited by the zodiacal and galactic cirrus diffuse 

astrophysical backgrounds in the far-IR/sub-mm spectrum.   

The TESs use a membrane-isolated architecture consisting 

of a bilayer superconducting thermistor as the TES film, a 

mesh SixNy (Si-N) absorber, and Si-N isolation legs 

suspending the bilayer and absorber from a Si-N on Si 

substrate. The architecture is shown in Fig. 1A.  The bilayer 

thermistor is either a Mo/Au or Ti/Au bilayer, with the 

superconducting transition temperature TC tuned by the 

proximity effect.  We choose a value of TC = 65mK because 

BLISS will utilize a space-qualified cryocooler capable of 

achieving a base temperature of 50mK.  

The five bands of BLISS are designed to accommodate 1D 

or quasi-1D arrays of TESs to detect the output of the 

gratings in each band.  The five bands and their span are 

listed in Table 1. A 1D array of TESs for the longest 

wavelength band fabricated at the Microdevices Laboratory 

(MDL) at the Jet Propulsion Laboratory (JPL) is shown in 

Fig. 1B.  Fig. 1B illustrates the pixel dimensions &x and &y 

listed in Table 1 for the longest wavelength band of BLISS.   

The TESs are arranged in a 1D array to detect the outputs of 

machined gratings for the three longest wavelength bands of 

BLISS.  This geometry is known as the WaFIRS geometry 

and has been utilized in Z-spec at the Caltech Submillimeter 

Observatory.  The other two bands use quasi-1D arrays of 

TESs and cross-dispersed echelle grating modules to spread 

the incoming radiation out for detection.  More details on the 

grating spectrometer design and echelle module design may 

be found in [2].     Ultimately, each TES in a given array will 

be read out by a time-domain Superconducting Quantum 
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Interference Device (SQUID) multiplexer (MUX).  In this 

architecture, the wiring layer of the TESs runs from the TES 

films to the first-stage SQUID input coils in the MUX design 

[1].   

 The mesh absorbers on the TESs are designed to 

maximize the absorption of far-IR/sub-mm radiation.  A 

schematic cross-section of the absorber architecture is shown 

in Fig. 1C.  Each beam of the mesh absorber is suspended a 

distance x above the underlying substrate, and the substrate 

has a thickness denoted as y.  The beams of the mesh 

absorber are a distance d apart, and a bilayer of Ti/Au with 

width w is deposited on top of the beams.  The effective 

impedance of the absorber is given by Reff=
! "# $%, where RF 

is the sheet resistance of the Ti/Au bilayer on top of the 

rungs. The Ti/Au thickness is tuned so that Reff matches the 

impedance of the incoming radiation for maximal optical 

efficiency.  A metal backshort at a distance of %/4 is 

deposited on the backside of the Si underneath the absorber 

to increase optical coupling.  The incoming radiation will be 

polarized parallel to the absorber beams to further enhance 

optical efficiency.  

 

 

Fig. 1:   BLISS TES and TES array: (A) Scanning electron microscope (SEM) image of a single BLISS TES in the longest wavelength band. The 

support beams, absorber, and TES film are shown.  The TES is a bilayer thermistor of Mo/Au or Ti/Au for BLISS. (B) An SEM image of a 1D array 

of BLISS TESs in the longest wavelength band.  The pixel dimensions #x and #y of Table 1 are illustrated here.   (Figure reproduced from [5].) (C)   

Side-view schematic of a BLISS TES illustrating dimensions and components of the mesh absorbers.  The height x and thickness y are controlled 

using double silicon-on-oxide (SOI) wafers. 

TABLE 1:  DIMENSIONS OF BLISS DETECTION BANDS 

Band !min"""

(#m)"

$max 

(%m) 

Pixel $x"

(#m) 

Pixel #y 

(%m) 

1 38 67 306 193 

2 67 116 535 337 

3 116 180 873 140 

4 180 280 1353 216 

5 280 433 2097 336 

 

The expected NEP due to the thermal impedance of the Si-

N support beams is given by &'( ) *+,-./01 [3].  Here kB 

is Boltzmann’s constant and G is the thermal conductance of 

the support beams. To meet the NEP requirement of BLISS, 

G should equal 45fW/K at the target TC=65mK.  To meet the 

NEP goal, G should equal 4fW/K at 65mK.  The longest 

wavelength band shown in Fig. 1A has straight support 

beams 1mm long by 0.4!m wide by 0.25!m thick.  The 

support beams for the three longest wavelength bands are 

straight beams, whereas the two remaining bands use 

meander beams in order to meet the different packing 

requirements for the quasi-1D arrays in the echelle modules.   

The effective response time "eff goal of 100ms or less is 

dictated by the heat capacity C of the TES absorbers.  The 

thermal time constant "0 = C/G, and 

 

                23455 ) 36 78 9 (:; 1./< =<   ,           (1)  

where PJ is the Joule power through the TES film and 

; ) ! >?@$ ! >?@.A 2is a measure of the sharpness of the 

superconducting transition.  The value of "eff may be from 

10-100 times smaller than "0 when the TES is voltage-biased 

in negative electrical thermal feedback (ETF) operation [4].  

The time-domain MUX architecture will be voltage-biased to 

control the BLISS arrays; therefore, the BLISS goal for "eff 

will be met if C is between 45-450fJ/K for the NEP 
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requirement G of 45fW/K at 65mK.    If G=4fW/K at 65mK 

for the NEP goal, C should be between 4-40fJ/K. 

Modifications in the BLISS TES architecture can be made 

to produce TESs suitable for SAFARI, which is a Fourier 

transform spectrograph.  The NEP and "eff requirements for 

the detectors on SAFARI are: NEP#10-19 W/Hz1/2 and "eff # 

10ms.  Solid Si-N membrane absorbers are used instead of 

the mesh absorbers of BLISS, and the detectors are arranged 

in 2D arrays.  The slightly higher NEP goal permits thicker 

support beams to be used in a membrane-isolation TES 

structure.  Given the NEP goal, the value of G should be less 

than or equal to 45fW/K at 65mK.   Assuming a 10-100 

reduction in "eff compared to "0, C will need to be on the 

order of 1fJ/K for SAFARI TESs. 

III.  FABRICATION 

A.  Composite BLISS TESs 

Micromachining and lithographic patterning processes are 

used to produce TESs. Each TES consists of a bilayer 

thermistor, a Si-N absorber, Si-N support beams, a wiring 

layer, and a substrate supporting the membrane-isolated TES.   

The TESs are constructed at JPL using 100mm <100> Si 

wafers.  In the future, the TESs will be fabricated using 

double silicon-on-oxide (SOI) wafers.  Silicon-oxide (SiO2) 

layers buried in the SOI wafers will be used to control the 

front and backside etch depths, shown as dimensions x and y 

in Fig. 1C. 

A layer of low-stress Si-N with controllable thickness is 

first grown on top of a wafer using low pressure chemical 

vapor deposition.  Low stress is important to prevent warping 

of the Si-N structures when the Si underneath them is 

released.  The silicon underneath the Si-N structures is 

removed using a dry XeF2 gas-etch or a wet KOH etch.   A 

layer of photoresist (PR) is used to protect the top Si-N 

surfaces from the etchants.  The PR is cleaned off after the 

devices are released from the silicon underneath the Si-N.  

Additionally, a layer of SiO2 left behind from the growth of 

Si-N protects the underside of the Si-N for the devices 

prepared using a dry XeF2 gas-etch. 

The thermistor consists of a bilayer of Mo/Au or Ti/Au 

deposited onto the Si-N, and the wiring layer is deposited on 

top of the Mo/Au or Ti/Au thermistor and runs along the 

support beams to bond pads.  Additionally, the size of the 

thermistor is patterned to produce a thermistor with the 

desired normal state resistance to match the designs of the 

time-domain multiplexer for controlling the TES arrays.   

B.  Si-N Test Structures for BLISS and SAFARI 

The NEP and "eff for BLISS and SAFARI depend strongly 

on the values of G and C that can be obtained from the Si-N 

absorbers and support beams. Therefore, we have fabricated 

noise thermometry test devices that can be used to test the 

effect of different fabrication processes on the value of G and 

C for BLISS-like and SAFARI-like absorber and support 

beam architectures.  Our BLISS-like noise thermometry 

device has support beams with a cross section that is 

typically 0.25um thick by 0.4um wide, and the absorber is a 

micromesh grid absorber with fill factor of 10%, as shown in 

Fig. 2A.  The rungs are 1!m wide and are spaced 10!m apart 

for this absorber.  In contrast, our SAFARI-like noise 

thermometry device has larger cross section support beams 

that are typically 1!m thick and 5!m wide.  The SAFARI-

like absorber is a solid membrane absorber, as shown in Fig. 

2B, and it is 1!m thick. 

The SAFARI-like noise thermometry devices are released 

using either a dry XeF2 etch or a wet KOH etch, whereas the 

narrow beams and spider-web like structure for the BLISS-

like devices have been fabricated using the XeF2 release 

process.  In the mesh-absorber design for BLISS TESs, wet 

etching could result in the absorber and support beams 

becoming stuck together.  Additionally, the absorbers and 

support beams could break from a wet etch process.  Future 

designs to prevent the sticking and breaking of beams could 

incorporate additional Si-N separation beams.  The 

separation beams would keep the support and absorber beams 

apart and prevent breakage.  The separation beams could 

later be removed by cutting them with a laser.   

The layer of PR that protects the top surfaces of the noise 

thermometry devices during etching is removed by either an 

O2 deep reactive ion etch (DRIE) or by rinsing in warm 

isopropyl alcohol and acetone.  The mesh absorber has SiO2 

underneath the Si-N, while the solid absorber does not. 

 

 

Fig. 2:  SEM images of noise thermometry devices for determining 

thermal properties of Si-N:  (A) The BLISS-like noise thermometry 

absorber device. The support beams are typically 0.4%m wide × 0.25%m 

thick × 1000%m long.  The mesh has a 10% fill factor. (Image 

reproduced from [5].) (B) The solid membrane noise thermometry 

absorber device has support beams that are 5%m wide × 1%m thick × 

1000%m long.  The support beams and solid membrane absorber 

reproduce an architecture used in SAFARI TESs. 
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Two resistors composed of Ti/Pt or Ti/Au are 

lithographically defined on opposite sides of the noise 

thermometry devices to provide resistors.  The resistors are 

used as a heater and a thermometer.  The heater is hooked up 

to a current source, and the thermometer is wired up to a 

SQUID input coil to measure the current noise of the resistor.  

A wiring layer is deposited on top of the resistors to provide 

electrical links to the SQUID and bias line, with the wiring 

layer running along the support beams. 

IV.  EXPERIMENTAL PROCEDURE 

We measured C and G values for the two noise 

thermometry devices in a 3He-4He Janis dilution refrigerator 

with a base temperature of 15mK.  The devices were 

mounted onto a gold-plated copper plate attached to the 

mixing chamber of the refrigerator and surrounded by an 

enclosed Nb shielding can.  The thermometer was connected 

by wire bonds to NbTi superconducting wires.  The NbTi 

wires passed through Nb capillaries to the input coil of a 

SQUID for readout of the thermometer current response and 

power spectral density.  The heater resistor was connected 

via wire bonds to a lossy coaxial bias line connection.   

The Nb can served to prevent optical dark power from 

reaching the test devices and to shield from magnetic pickup. 

To pump out any excess 3He exchange gas or air inside the 

Nb can, we employed a meandered pump-out port filled with 

bronze mesh.  The bronze mesh served to prevent optical 

dark power from leaking through the pump-out port to the 

devices, while still maintaining throughput for pump-out. 

Attenuators, filters, and lossy coaxial cables helped to 

prevent electrical dark power from passing down the bias line 

to the device, as shown in Fig. 3A.  Lossy coaxial cables 

were inserted between the room temperature bias input port 

and the device input port.  We also inserted a 30dB or 

30dB+10dB attenuator in series at the 1K pot stage between 

the coaxial cable from room temperature and the device.  

Two mini-circuits low-pass filters with roll-off at 300 MHz 

and 1.9 MHz were inserted into the lossy coaxial line prior to 

connection to the device.  The mini-circuits were held at the 

mixing chamber temperature Tmx.    

The thermometer resistance was calibrated by varying Tmx 

and observing the Johnson noise current detected by the 

SQUID.  The electron temperature can be calculated from the 

Johnson noise current formula 

22222222222222222222222222222BC ) +,-.4 $DEA  ,       (2) 

where Te is the electron temperature, Rth is the thermometer 

resistance, and SI is the power spectral density of the Johnson 

noise current sensed by the SQUID.   

Experimentally, the thermal conductance G is determined 

by applying a small change in bias power to the heater 

resistor and measuring the resulting &T on the thermometer 

for a fixed Tmx.  Quantitatively, 1 ) F( FA ..  Here &P is the 

small change in bias power.   

If no dark power PD reaches the noise thermometry 

devices, a linear relationship between Tmx and Te will be 

observed at all temperatures.  Any dark power PD impinging 

upon the device will cause a deviation in Te from Tmx.  The 

expected deviation is 

2222222222222222222222222222222.4 G .HI J (K 17.HI=A .       (3)                       

Given the small G values of the noise thermometry devices 

and TESs, the dark power would ideally be below 1fW.  

Using all the measures described above, we found the dark 

power was around 0.22fW for a 30dB+10dB or 0.6fW for a 

30dB attenuator in our experimental setup, as shown in Fig. 

3B. 

 

Fig. 3:  (A) Experimental setup for noise thermometry measurements.  

(B)  Measurement of electron temperature Te vs. mixing chamber 

temperature Tmx.  The dark power is below 1fW in our experimental 

setup. 

Once the values of G(T) are determined, C(T) is measured 

by applying a small heat pulse to the heater resistor and 

observing the decay time "0 at different mixing chamber 

temperatures.  The measurement is operated without ETF; 

therefore, C(T)="0(T)×G(T). 

V.  RESULTS AND DISCUSSION 

Table 2 shows thermal and performance properties 

obtained from our measurements of the two Si-N absorber 

geometries prepared under different fabrication techniques at 

T=100mK .   

In addition, we have included Si-N properties obtained 

from similar geometries for comparison in the literature [5]-

[7].  The values shown for [5] are for T=60mK, and the 

values shown for [7] are for T=113mK. To obtain the NEP 

values at T=65mK, the values of G have been extrapolated to 

T=65mK using G~T1/2 for mesh absorbers [5] and G~T3/2 for 

solid absorbers. 
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TABLE 2: THERMAL PROPERTIES OF Si-N AT 100MK 

A comparison of the Si-N heat capacity (C), surface specific heat (cS), thermal conductance (G), expected heat capacities for bands 3-5 of 

BLISS, and estimated thermal time constant "0 in band 4 (based on the assumption of G=4fW/K).  We prepared mesh-absorber BLISS-like 

noise thermometry devices (Fig.2A) and solid-membrane-absorber SAFARI-like noise thermometry devices (Fig.2B) using different 

fabrication processes.  Selected results from the literature are also included for comparison. 

No. Type Process Bilayer 

(nm/nm) 

G        

(fW/K) 
CSiN          

(fJ/K) 
cS         

(aJ/[K·%m2]) 
CBand 3   
(fJ/K) 

CBand 4   
(fJ/K) 

CBand 5   
(fJ/K) 

!0             

(Band 4)        

(s) 

NEP  

(W/Hz
1/2

) 

at 65mK    

1 Solid 

wet KOH etch; 

IPA/Acetone 

Ti/Pt        

(2/50) 1500 3 0.04 1.0 1.5 2.4 0.39 4.3×10-19 

2 Solid 

wet KOH etch; 

IPA/Acetone 

Ti/Pt        

(2/50) 1000 6 0.08 2.0 3.1 4.8 0.77 3.5×10-19 

3 Solid 

XeF2 dry etch;     

O2 DRIE 

Ti/Pt        

(2/50) 450 146 1.98 50.0 76.5 119 19.12 2.3×10-19 

4 Solid 

XeF2 dry etch; 

IPA//Acetone 

Ti/Pt        

(2/50) 1000 171 2.32 58.5 89.6 139 22.40 3.5×10-19 

5 Mesh 

XeF2 dry etch;  

IPA/Acetone 

+O2 DRIE 

Ti/Au       

(2/50) 130 89 3.06 77.2 118.2 184 29.55 1.6×10-19 

[5] Mesh 

XeF2 dry etch;     

O2 DRIE 

Ti/Au       

(2/50) 54 98 3.98 100.4 153.7 239 38.43 1.1×10-19 

[6] Solid  DRIE Mo/Au 5500 50 1.02 25.7 39.4 61.2 9.85 8.2×10-19 

 [7] Solid  wet KOH etch Ti/Au 320 1.4 0.03 0.8 1.2 1.8 0.29 1.8×10-19 

Due to the fact that metals have a larger specific heat than 

Si-N, we have calculated the heat capacity contribution 

Cbilayer of the different bilayers to the total heat capacity, Ctot.  

We obtained the heat capacity of the Si-N according to       

CSi-N=Ctot-Cbilayer.  To calculate Cbilayer, we used 

'Ti=3.35mJ/(mol·K2), 'Au=0.729mJ/(mol·K2), and 

'Pt=6.8mJ/(mol·K2) [8]. 

The NEPs shown in Table II are expected to be on the 

order of 10-19W/Hz1/2 for TC=65mK for both solid and mesh 

devices based on the values of G. Despite the scatter in G 

values for the solid devices, the values are consistently on the 

order of 10-100fW/K—except for the solid device in [6].  

This device is connected to the substrate bath via perforations 

in the Si-N, which explains the larger value of G, and is 

designed for soft X-ray spectroscopy instead of far-IR 

spectroscopy.  The mesh devices have smaller G values than 

the solid devices because their support beams are thinner 

than those of the solid devices.  Device 5 and the average 

result from mesh devices in [5] differ in G because the 

support beams were twice as long in [5] as in device 5.  

Taking all these factors into consideration, neither the etchant 

nor the PR removal steps affect G much.  As can be seen, G 

is converging toward the BLISS/SAFARI requirements. 

 The strongest effects due to process can be seen in the 

values of C in Table 2.  The values of C for the wet etch are 

on the order of 1fW/K at 65mK, whereas the C values for the 

XeF2 etch are on the order of 10-100fW/K for both solid and 

mesh absorbers.  Table 2 indicates that the type of process for 

removing PR did not change the C values significantly for 

either type of absorber; therefore, we conjecture that the 

differences are due to the type of etchant based on the solid 

membrane results.  Wet KOH etching seems to produce solid 

membranes with lower C than XeF2.  

As described in the Section III, we have not produced 

mesh devices using the wet etch process.  However, mesh 

devices prepared using XeF2 showed similar values of C to 

solid absorber devices.  This result is surprising because the 

surface area of solid absorbers is 45,600!m2, whereas that of 

the mesh absorbers is 28,275!m2.  A simple scaling of 

surface area would predict a smaller value of C in mesh 

devices. 

The values of C for the solid and mesh absorbers etched 

with XeF2 could be similar if the edges and top/bottom 

surfaces of the devices have different specific heat values per 

surface area. (It has been shown that the Si-N thickness does 

not affect C for mesh devices [5].) This scenario could result 

because the top and bottom surfaces of the devices were 

protected during XeF2 etching, whereas the edges were not.  

Using the values of C from devices 4 and 5 and the edge and 

top/bottom surface areas, we calculate the edge specific heat 

to be 6.5aJ/!m2 and the top/bottom surface specific heat to be 

2aJ/!m2.  Both results are on the order of 1aJ/!m2, similar to 

a value observed in [9].  The interaction of XeF2 with the 

SiO2 protecting the bottom surface of the mesh devices could 

also explain the discrepancy.   

For the solid membrane devices, we estimate the specific 

heat to be 0.1aJ/!m2 by ignoring the edges. This value is the 

same order of magnitude of specific heat expected for 
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amorphous materials such as vitreous silica, which has a 

specific heat equal to 0.22aJ/!m2 [10].    

We can then conjecture that the use of XeF2 is correlated 

with added C in our investigation.  Randomly distributed 

populations of two-level systems explain the specific heat 

values observed in amorphous materials, such as vitreous 

silica [11].  Therefore, it is possible that the XeF2 is 

introducing additional TLS into our Si-N, possibly through 

diffusion of F2 into the Si-N.  Again, the XeF2 interacting 

with SiO2 could also be responsible for the excess specific 

heat.  For T>1K, the type of SiO2 used as a substrate for 

growing Si-N does affect the specific heat of Si-N produced 

[12].  Different SiO2 growth techniques and the interaction 

with XeF2 could be investigated.  However, our values of C 

differ by two orders of magnitude devices from Si-N grown 

in the same way.  Therefore, the major difference appears to 

be due to the type of etch.  We are continuing to investigate 

these issues, but we find that the C values measured are 

within the requirements for far-IR spectroscopy instruments 

on SPICA, such as BLISS or SAFARI. 

VI.  CONCLUSIONS 

Meeting the demands of far-IR spectroscopy detectors for 

SPICA requires TES detectors with G and C values to meet 

the NEP=10-19W/Hz1/2 requirement and "eff#100ms 

requirements.  Our values of G are approaching the 45fW/K 

needed to meet the requirement NEPs of BLISS and SAFARI 

at 65mK, and we are developing methods to reach the NEP 

goal of 3×10-20W/Hz1/2 for BLISS.   Our demonstrated values 

of C for the mesh-absorber noise thermometry devices are on 

the order of 10fJ/K, which is necessary to meet the "eff 

requirement for TESs on BLISS.   Similarly, the 

demonstrated values of C for the solid-membrane-absorber 

noise thermometry devices are on the order of the 1fJ/K, 

which is necessary to meet the "eff requirements for TESs on 

SAFARI.   Finally, we may be able to reduce C further for 

BLISS TESs with different fabrication techniques. 
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Abstract—For the first time, we have measured the optical noise 
equivalent power (NEP) in titanium (Ti) superconducting hot-
electron nanobolometers (nano-HEBs). The bolometers were 
2µm×1µm×20nm and 1µm×1µm×20nm planar antenna-
coupled devices. The measurements were done at λ  = 460 µm 
using a cryogenic black body radiation source delivering optical 
power from a fraction of a femtowatt to a few 100s of 
femtowatts. A record low NEP = 3×10-19 W/Hz1/2 at 50 mK has 
been achieved.  This sensitivity meets the requirements for 
SAFARI instrument on the SPICA telescope. The ways for 
further improvement of the nano-HEB detector sensitivity are 
discussed. 

I. INTRODUCTION 
Recently, an interest to ultrasensitive submillimeter/FIR 

detectors has been driven due to the astrophysics community 
and space agencies’ plans to launch telescopes with 
cryogenically cooled primary mirrors where the thermal 
emission from the telescope would be largely eliminated. 
Several concepts of such telescopes (SAFIR [1-2], SPECS 
[2], CALISTO [3], FIRI [4], SPICA [5]) have been proposed 
and studied. Moderate resolution spectroscopy (ν/δν ~ 1000) 
would be the most demanding application requiring the 
detector NEP to be less than 10-19 W/Hz1/2 in the most of the 
submillimeter/FIR spectral range in order for the photon shot 
noise to dominate the detector noise. The SPICA mission led 
by the Japanese space agency [6] is currently seen as the 
most feasible opportunity to realize such a sensitive 
astronomical platform. There are two instruments considered 
for far-IR spectroscopy on SPICA. An ESA led SAFARI 
instrument would use a Fourier Transform Spectrometer in 
the 30-210 µm wavelength range [7]. The detectors for 
SAFARI should have an NEP = 3×10-19 W/Hz1/2. Another 
instrument (BLISS) [8], which is under study in the US, is a 
grating spectrometer operating in the 35-433 µm range. The 
detector sensitivity goal here (NEP = 3×10-20 W/Hz1/2) is 
non-precedent and requires an improvement of the state-of-
the-art by 2-3 orders of magnitude.  

II. ULTRASENSITIVE FIR BOLOMETERS  
Several approaches have been pursued in order to 

demonstrate an NEP ~ 10-19-10-20 W/Hz1/2 in the FIR. They 
include kinetic inductance detectors [9-10], quantum dot 
detector [11] and bolometers with a superconducting 
transition-edge sensor (TES) thermometer. Because of the 
relatively simple underlying physics and long application 
heritage, the latter look more promising at the moment for 
meeting new sensitivity challenges.  

Thermal energy fluctuation (TEF) (aka phonon) noise is 
dominating in a well-optimized bolometer and the 
corresponding NEP contribution is: 

 
 NEPTEF = (4kBT2G)1/2, (1) 

 
where G is the effective thermal conductance. G is 
commonly used as a benchmark when different bolometric 
devices are compared. A more traditional version of the TES 
bolometer uses a suspension made from thin and narrow 
Si3N4 to thermally isolate the radiation absorber and the TES 
thermometer from the heat sink. Here an impressively low 
thermal conductance has been achieved in geometrically 
isolated structures in [12]. At 65 mK (probably the lowest 
critical temperature one may expect for a practical space TES 
detector), G ≈ 30 fW/K was measured that corresponds to 
NEPTEF = 8×10-20 W/Hz1/2. Similarly low NEPTEF were 
obtained in the following works from the same group [13-14] 
where SiN mesh structures optimized for better radiation 
absorption and smaller time constant were used. 

Another group [15] has achieved a fully functioning 
bolometer using a MoAu TES and a Ta radiation absorber 
suspended with long and narrow SiN beams. The TEF noise 
NEP has been reported to be 1.3×10-18 W/Hz1/2 at ≈ 100 mK. 
Similar detectors have been tested optically yielding the total 
NEP = 2×10-18 W/Hz1/2 at λ ≈ 30-60 µm [15-16].  

Our approach is to use the electron-phonon decoupling 
mechanism in a small TES in order to achieve an ultralow 
NEP [17]. In this case, a SiN membrane is not needed and the 
TES is fabricated directly on Si or sapphire substrate. When a 
TES is made from a thin (<100 nm) superconducting film, 
the temperature of electrons becomes greater than the phonon 
temperature when the radiation or current heating is applied. 
The phonon temperature remains close to that of the substrate 
since non-equilibrium thermal phonons escape from the film 
very fast. The characteristic time in this case is the electron-
phonon energy relaxation time τe-ph, which depends on the 
temperature but does not depend on the device volume. In 
turn, the effective thermal conductance Ge-ph = Ce/τe-ph (Ce is 
the electron heat capacity) is proportional to the volume, so 
NEPTEF decreases in smaller devices. The practically useful 
device size is ~ µm or less so the device contacts should be 
made from a superconducting material with large TC in order 
in employ the Andreev reflection mechanism confining the 
electron thermal energy inside the device volume.  

We have been using Ti hot-electron TES’s in our work 
though some other materials (e.g., Hf, Ir, W) might be 
suitable too. Although the electron-phonon interaction 
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strength varies to some degree between these materials the 
most important consideration is the availability of the 
fabrication technique leading to small devices with low TC 
and large enough sheet resistance Rs = 20-50 Ohm. The latter 
is important for a good rf impedance match between the 
device and a microantenna or a waveguide which are the only 
ways to couple a subwavelength-size nano-HEB device to 
FIR radiation.  

In our recent work [18], we pushed the device size to 
submicron (device volume of about 10-21-10-20 m3) and 
measured an extremely low thermal conductance Ge-ph. In 
comparison to the phonon conductance in SiN, the electron-
phonon conductance in a metal has stronger temperature 
dependence. In fact, we achieve Ge-ph = 0.3 fW/K at 65 mK 
that corresponds to NEPTEF = 9×10-21 W/Hz1/2. However, the 
very small TES devices studied in [18] did not have large 
enough critical current so they were not very useful for the 
noise studies or optical measurements. In the following 
works [19-20] somewhat larger size devices 
(6µm×0.4µm×56nm and 2µm×0.15µm×60nm) were used 
where a sufficiently large critical current along with TC = 
330-350 mK was achieved due to an increased film 
thickness. Electrical noise and Ge-ph have been studied as 
functions of temperature yielding an electrical NEP ≈ 2×10-20 
W/Hz1/2 at 60 mK along with τe-ph ≈ 0.5 ms.  

Although investigation of the electrical and thermal 
characteristics of bolometers is an important development 
step, the ultimate goal is optical demonstration of the detector 
sensitivity. In this work, we present the first results on the 
optical NEP measurements in Ti nano-HEBs coupled to 
planar antennas using an adequately low-power (femtowatt) 
radiation source. Besides the absolute NEP figures, an 
interesting feature in the detector response manifesting the 
presence of the photon shot noise was observed. The ability 
of the bolometer to detect photon noise is an independent 
confirmation of the validity of the optical power calibration 
scale in our setup. 

III. DEVICES AND EXPERIMENTAL SETUP 

A. Devices 
Our current device fabrication process is different from 

what was used in [18]. For this work, the nano-HEB devices 
were fabricated on c-axis sapphire using magnetron 
sputtering of Ti target and were patterned using optical 
lithography and ion beam milling. A 650 GHz twin-slot 
planar antenna structure was formed afterwards by means of 
the lift-off process using an NbTiN/Au bi-layer. This type of 
antenna with coplanar waveguide (CPW) impedance tuning 
sections has been well characterized and used by many 
groups since our original work [19]. NbN HEB mixers on the 
Herschel’s HIFI use similar antennas but at THz frequencies. 
The critical temperature in NbTiN was greater than 10 K 
even in the presence of Au so it served as the Andreev 
reflection contact material as well. The device parameters are 
listed in Table I. RN in the Table is the device normal 
resistance. 

Figure 1 shows a close-up of Ti device #1 in the center of 
the CPW structure. The real part of the antenna impedance 

derived from the HFSS modelling was ~ 30-40 Ohm at the 
resonance frequency of 650-670 GHz depending on the gap 
size between the CPW lines in the middle of the structure. 
Therefore, the impedance match should be very good for the 
device normal resistance values in Table I. The choice of the 
central frequency was driven by the trade-off between the 
intention to use the highest possible frequency and the size of 
the gaps between the central line in the CPW and the ground 
plane achievable using available optical lithographic 
equipment. The use of high frequency was important in order 
to achieve a better control over the radiation power emitted 
by a cryogenic black body calibration source (see next 
subsection). Beside the devices with twin-slot antennas many 
spiral antenna-coupled devices were fabricated on the same 
wafer, which have not yet been tested. 

TABLE I 
PARAMETERS OF TI NANO-HEBS 

That the normal metal resistivity ρ = 45-55 µOhm cm of 
our films was similar to that of [20] for same film thickness. 
The TC in found in [20] was, however, much smaller (~ 100 
mK). Transport and superconducting properties of our large 
area films and small devices will be addressed in a separate 
work in the future. 

B. The Setup 
All the measurements were performed in a dilution 

refrigerator. A dc SQUID was used as the readout. The 
devices were biased via a 1-Ω resistor connected in series 
with the device and with the SQUID input coil. The resistor 
was situated in the vicinity of the device on the mixing 
chamber. The SQUID amplifier was placed at the 1-K pot of 
the dilution refrigerator and was connected to the device 
circuit via a magnetically shielded superconducting twisted 
pair. The device assembly was in an rf tight superconducting 
shield in order to avoid overheating of the device by 
uncontrolled rf interferences and noise. The bias lines and the 

Device 
 

Substrate Length ×  Width 
(µm ×  µm) 

Thickness 
(nm) 

TC 
(mK) 

RN 
(Ω) 

1 sapphire 2.0 × 1.0 20 357 45 
2 sapphire 1.0 × 1.0 20 360 28 

Ti 

NbTiN 
Au 

Fig.1. SEM image of a 2µm×1µm Ti nano-HEB device (device #1 from 
Table I) in the center of the CPW structure of the planar antenna. 
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SQUID wires were fed through custom low-pass filters 
(LPF), which were built from discrete element LPFs placed 
inside metal tubes filled with lossy microwave absorbing 
compound. The SQUID noise (~ 2 pA/Hz1/2) and bandwidth 
(~ 70 kHz) were calibrated in a separate experiment using the 
Johnson noise of a 1-Ω resistor at different temperatures.  

In order to perform measurements at different 
temperatures below TC a small superconducting solenoid 
with an iron core was mounted near the bolometer. The 
perpendicular field created by the solenoid was enough to 
suppress TC down to 50 mK with the solenoid current not 
exceeding 100 mA. The entire experimental volume was 
surrounded by a Cryoperm-10® magnetic shield immersed in 
liquid He4.  

Optical NEP was measured using a black body source 
made from a metal disc in which a thermometer and a small 
heater were embedded. The emitting surface was machined 
into an array of small pyramids and was painted with an FIR 
absorbing paint whose high (97%) absorptivity was validated 
by both direct measurements of the reflection at around 600 
GHz and comparison with the emissivity of foamed Eccosorb 
used as the standard calibration target for a heterodyne 
receiver. This black body assembly was weakly coupled to 
the 1K pot of the dilution refrigerator so its temperature TBB 
could be controlled with a better than 0.1 K precision from 
1.5 K to 10 K.  

The detector chip was glued to the backside of a 12-mm 
diameter lens made from the high-purity high-resistivity Si (ρ 
> 10 kOhm cm) thus forming a hybrid antenna (Fig. 2) with a 
well-defined and narrow diffraction limited beam. In order to 
define the optical bandwidth a bandpass (10% fractional 
bandwidth) mesh filter centred at 650 GHz was used [21]. 
The filter transmission spectrum Tr(ν) was characterized 
prior to the experiment using an FTS. We assumed that our 
hybrid antenna couples only into a single radiation mode and 
therefore the amount of radiation power Prad incident on the 
detector can be calculated as follows: 

 

    

€ 

Prad =
Tr(v)hνdν

exp hν kBTBB( ) −10

∞
∫ .  (2) 

In practice, a black body temperature range TBB =1.5-5 K 
was sufficient to observe the entire evolution of the detector 
output signal and of the noise up to the full saturation of the 
output (R ≈ RN). 

IV. EXPERIMENTAL RESULTS 

A. Procedures 
The experimental procedure for determination of NEP 

consisted of the measurements of bias current I as function of 
TBB varied in small 0.25 K steps and of the output system 
noise in. The corresponding optical power was calculated 
using Eq. 2. From the initial part of the I(Prad) dependence, 
detector responsivity SI = ΔI/Prad was calculated. Then the 
small signal optical NEP was found as in(Prad=0)/SI.  

We also measured IV characteristics of the devices as 
function of temperature and radiation power. From the IVs 
taken and different temperatures, the effective thermal 
conductance corresponding to the device electron 
temperature Te can be extracted. This procedure is based on 
the assumption that the device resistance is a single-valued 
function of the electron temperature R(Te). Then from the 

Fig.2. Detector chip layout and its attachment to the lens. The chip size is 5 
mm × 5 mm. The lens diameter is 12 mm and is out of scale on this figure. 

Fig. 3. IV characteristics at 355 mK (no magnetic field) under optical 
loading from the blackbody. TBB = 5 K corresponded to ≈ 160 fW of the 
radiation power emitted into a single mode through the filter bandwidth. The 
red circle denotes the operational point where the device was biased in the 
absence of radiation power. 

Fig. 4. Output noise at the bias point of Fig. 3 at 355 mK and SQUID noise. 
The latter was measured when the device was in the normal state (large 
resistance, small Johnson noise). A sharp cut-off at 10 kHz is due to the 
external bandwidth limiting filter. 
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heat balance equation one can obtain: 
 

 (PJoule1- PJoule2) = G(T2-T1), (3) 
 

where PJoule is the Joule power dissipated in a given bias 
point. Thermal conductance G derived in this way was used 
to calculate NEPTEF. Equation 3 assumes that T2-T1 << T1, 
T2 but can be easily generalized for a non-linear case.  

In a similar fashion, the optical coupling efficiency η can 
be derived from the IVs taken at a fixed bath temperature but 
when Prad is varied. In this case, the following equation holds: 

 
 PJoule1–PJoule2 = η(Prad2–Prad1).  (4) 
 

The coupling efficiency derived from Eq. 4 was 
crosschecked with the ratio NEPTEF/NEP, which should yield 
the same η value.  

B. The Data 
Here we present the detailed data only for device #2. More 

details for device # 1 can be found in [23]. Figure 3 
demonstrates optical loading of the device by the 650 GHz 

radiation. From these IVs, an optical coupling efficiency η = 
40-80 % was estimated. The large error margin is due to the 
fact that η happened to depend on the particular R = constant 
line along which the data were taken (see Eq. 4).  

Figure 4 demonstrates the detector output noise at the 
operating point of Fig. 3. The noise spectrum is very flat in 
this 10-kHz bandwidth. A 1/f-noise below a few Hz 
originates in the SQUID. Its origin is still unknown. 

Figure 5 shows IV characteristics when a certain magnetic 
field was applied. From these data, the thermal conductance 
was obtained. PJoule vs T dependence in the inset in Fig. 5 
shows that the electron temperature for this resistance was Te 
= 105 mK. The broad transition in magnetic field was likely 
the reason for the output noise at 50 mK to be much smaller 
than that at 355 mK (see Fig. 6). Since Te is substantially 
greater than T = 50 mK a slightly different expression from 
Eq. 1 should be used for determination of NEPTEF:  

 
 NEPTEF ≈ (2kBTe

2G)1/2. (5) 
 
Equation 5 is valid in a strong non-equilibrium case 

reflecting the fact that the contribution of the fluctuation of 
energy at the bath temperature is negligible compared to the 
fluctuation of energy at the electron temperature. 

For T=355 mK, NEPTEF was determined in similar 
fashion, i.e., using IVs at different temperatures. However, 
the temperature range where IVs differ from each other was 
much more narrow (Te = 367 mK). This is because the 
natural superconducting transition in the absence of the 
magnetic field is relatively narrow (within 10 mK). In this 
case the difference between T and Te is not so significant so 
the fluctuations at both temperatures contribute to NEPTEF.  

Finally, optical NEP was determined at both 50 mK and 
355 mK by measuring the change of current vs radiation 
power and the output noise at the same time (see Fig. 6). We 
found an order of magnitude difference in the NEP at these 
two temperatures (see Table II). Saturation of ΔI vs Prad 
naturally occurs much sooner at 50 mK than at 355 mK. The 
output noise also behaves differently. Whereas the noise at 
355 mK monotonically decreases with Prad, the noise at 50 
mK exhibits a peak at some power range below 20 fW. We 
speculate that the origin of this peak may be in the detection 
of fluctuation of power in the impinging radiation. This 
photon shot noise is characterized by  

 
 NEPphot = (2Pradhν)1/2. (6) 

 
When the detector becomes sensitive enough to detect this 

fluctuation (NEP ~ NEPphot) the output noise-like signal 
increases as square root of Prad. Eventually, SI drops and the 
output noise decreases. This effect could not be seen at 355 
mK since a much greater Prad ~ 100 fW is needed to make 
NEPphot large enough to be detected. But at such high power 
the detector is already saturated. 

Another argument in favor of this explanation is the 
comparison between the Prad scales for the devices with 
different sensitivity. Figure 7 shows the output noise vs Prad 
for both devices. Device #1 was operated at 100 mK but the 
electron temperature was about 150 mK [23]. Also device #1 

 
Fig. 5. IV characteristics in the 50-116 mK temperature range used for 
determination of the thermal conductance (see inset). The bias point was at 
the crossing of the 50-mK IV curve at the 2.5-Ohm resistance line. 

Fig. 6. Experimental data used for determination of optical NEP. Round 
symbols: T = 355 mK; square symbols: T = 50 mK. 
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is at least 2 times larger in volume than device #2. As a 
result, it had optical NEP = 1.4×10-18 W/Hz1/2, that is, a factor 
of 4-5 greater than the NEP in device #2. One can see from 
Fig. 7 that the position of the noise peak and the radiation 
power required to saturate the detector was correspondingly 
greater for device #1 

V. DISCUSSION 
Table II summarizes the main results of this study. The 

NEP data look very encouraging especially for device #2, 
which is already meeting the sensitivity requirements for 
SAFARI on SPICA. This NEP is an order of magnitude 
smaller than the closest competing TES approach using SiN 
membranes [15-16] has demonstrated. The optical coupling 
efficiency found from the ratio of NEPTEF and NEP correlates 
with η derived from the shift of IV curves under optical 
loading. To be fair, the η value may be slightly overestimated 
given the fact that the Si lens did not have any AR coating. 
This is, however, quite understandable: these are very first 
measurements and more work is needed to tweak the 
measurement procedures. We are planning on using an 
additional high-pass 600 GHz filter with a sharp cut-off in 
order to eliminate any possible leak of the out-of-band 
radiation power at the long-wavelength wing of the mesh 
filter. Also, devices with spiral antennas will be tested to 
study the effect of different antenna types. Such devices will 
be eventually needed for FIR applications of this detector (λ 
< 100 µm) where slot antennas can be difficult to fabricate.  

TABLE II 

NEP DATA 

Device 
 

Te (mK) NEP 
(aW/Hz1/2) 

NEPTEF 
(aW/Hz1/2) 

NEPTEF/NEP 

150 1.4 1.0 0.71 1 
357 8.6 6.3 0.73 
105 0.30 0.23 0.77 2 
367 3.0 2.5 0.83 

 
Another important issue is a comparison of the achieved 

NEP with the expectations for this type of detectors. Since 
the optical NEP came close to NEPTEF, the latter can be used 

for comparison since it is easy to estimate from the material 
parameters. In our original paper [17] we predicted that NEP 
in 1µm × 1µm size nanobolometers at 100 mK should be at 
least ~10-20 W/Hz1/2. The best current NEPTEF is an order of 
magnitude worse. Comparison with the large area devices 
gives some clue on what might be wrong with the small 
devices. Figure 8 shows a normalized by volume electron-
phonon thermal conductance measured in 4 long-meander-
line devices (some up to 10 cm long) over the years [24-25]. 
They were all fabricated on sapphire using either e-beam 
evaporation or magnetron sputtering. Amazingly, all the data 
points closely follow one universal line that is a strong 
indication of the electron-phonon nature of G in these 
devices, which should be proportional to the volume. When 
the G-data for devices #1 and #2 are plotted on the same 
graph it becomes apparent that there is an excessive thermal 
conductance in these device especially at low temperature 
where magnetic field was used. The excessive thermal 
conductance is 100-time greater than should be due to the 
electron-phonon interaction alone. We suspect that the reason 
for that might be in the unfavorable configuration of metal 
layers in the device contact areas. As seen in Fig. 1, the 
projection of top Au layer overlaps with Ti being separated 
by NbTiN. When a perpendicular magnetic field is applied it 
suppresses TC in Ti. The field is not sufficient to destroy 
superconductivity in NbTiN which has TC > 10 K. However, 
the field may create a lot of magnetic vortices in the NbTiN 
layer. These vortices have normal metal core, which would 
connect the Ti layer with the Au layer thus creating a channel 
for cooling of hot electrons via electron diffusion. 

The next iteration of the devices will not have the Au layer 
which is redundant for the purpose of low electromagnetic 
loss. NbTiN by itself should be a good enough rf conductor 
at 650 GHz. 

This quick fix may help to get even better NEP data 
relatively soon. However, in a long run, one need to get rid of 
the magnetic field which is unacceptable for the detectors 
operating in large (1000s pixels) arrays. We see several 
options for reducing TC to about 100 mK. The simplest 
approach is to keep reducing the films thickness. However 
the transition region between “high” (~ 300 mK) and “low” 
(~ 100 mK) TC may be narrow so a large scattering of 
device-to-device parameters can happen. Another approach is 
implantation of 55Mn+ ions into ready devices or into bare Ti 

Fig. 8. Thermal conductance in large and small hot-electron bolometers 
normalized to the device volume. Round symbols are the data for the 
devices of Table I. Long meander data are from [-]. 

Fig. 7. Output noise for both devices #1 and #2 in magnetic field at 
temperatures well below TC. 
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films. This has been demonstrated be a reasonably well 
controlled process [26] and we plan to try it within next few 
months with devices similar to those of Table I. A similar 
techniques has been also used successfully for tuning TC in 
W using 56Fe+ ions [27]. One more option is to synthesize 
some binary alloys (like, e.g. AlMn [28]), which will require 
a significant material development effort. We should mention 
that bi-layer materials commonly used for membrane 
supported TES will not work here because of their low 
resistivity making it impossible to match the device RN to the 
antenna impedance.  

Finally, some SQUID based multiplexing technique 
should be made compatible with the hot-electron nano-HEBs. 
There may multiple solutions here depending on what 
sensitivity and, correspondingly, what operating temperature 
is targeted. For the most sensitive applications when T = 50-
100 mK, the time constant in nano-HEB devices would be ~ 
0.5-1 ms [23]. If it turns out that the thermal conductance in 
these devices will be eventually reduced to the value of large 
area Ti films then τe-ph = 0.6 ms at 100 mK and τe-ph = 2.5 ms 
at 65 mK. This is derived using the Sommerfeld constant 
value γ = 315 J m-3 K-2 and the data of Fig. 8. There need to 
be some design study in order to understand if the well-
established time-domain multiplexing (TDM) technique can 
be used. However, the recently demonstrated GHz frequency 
domain multiplexing (FDM) using microwave SQUIDs [29-
30] should work well not only at 100 mK but also at 300-400 
mK where τe-ph is in the µs range. This technique is still 
emerging but should soon become suitable for reading large 
arrays. 

VI. CONCLUSIONS 
In conclusion, a significant progress has been made in the 

development of the nano-HEBs based detector technology 
resulting in the first optical demonstration of the state-of-the-
art detector sensitivity in FIR. The current generation of the 
detectors together with the microwave SQUID readout is 
suitable for building a detector array with NEP ~ 10-17 
W/Hz1/2 operating in a He3 dewar. Such systems can be used 
for photometry, polarimetry, or CMB studies from balloons 
or SOFIA airplane.  

The obtained record low NEP = 3×10-19 W/Hz1/2 is a good 
news for the low-background spectroscopy in space where no 
adequate detectors have existed so far. This already meets the 
sensitivity goals for the SPICA/SAFARI instrument. The 
future R&D work will address the ways of getting optical 
NEP down to 10-20 W/Hz1/2 by means of controllable TC 
reduction in Ti nano-HEB devices and also by making the 
devices smaller (submicron). A significant improvement of 
the existing optical setup will be required in order to control 
the fW level optical power with sufficient precision.  
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Abstract— Novel concepts of the parallel and series array of Thermo-Electric Bolometers (TEB) with 
Superconductor-Insulator-Normal (SIN) Tunnel Junctions [1] have been proposed and realized for a 
distributed focal plane antenna. The arrays are developed for a pixel design based on arrays of TEBs 
coupled to a distributed slot antenna or dipole antenna [2] similar to array of Cold-Electron Bolometers 
(CEB) [3,4].  
Two variants of the CEB arrays have been considered for both types of antenna on bulk substrate.  

 
 

Fig 1. A distributed single polarization dipole antenna  with a 
series array of TEBs and a JFET readout. This dipole antenna 
will be sensitive only to horizontal component of RF signal.

 

Fig 2. A distributed single polarization slot antenna  
with a paarllel array of TEBs and a SQUID readout.

The series connection of TEBs with SIN tunnel junctions in current-biased mode [2] is optimal for 
dipole antennas. Estimations of the TEB noise with JFET readout have shown an opportunity to realize 
NEP less than photon noise for typical power load.  

The parallel connection of CEBs with SIN tunnel junctions in voltage-biased mode [3] is optimal for a 
slot antenna. Remarkable progress in performance is expected from implementation of a new technology 
for fabrication of the CEB and SQUID on the same chip in one vacuum circle.  
The design of 2x2 pixels for dipole and slot antennae has been realized for 350 GHz. The samples were 
fabricated using shadow evaporation technique on Si substrate. Results of DC and RF measurements will 
be reported at the conference. 
1. Leonid  Kuzmin, “Thermo-Electric Charge-to-Voltage Converter based on SIN Tunnel Junction”, submitted 
to Applied Physics Letters (December 2009) 

2. Peter K. Day et al., “Far-infrared imager-polarometer using distributeted antenna-coupled transition-edge 
sensors, 5498, pp 856-875, SPIE, 2004. 
3. Leonid Kuzmin, “Array of Cold-Electron Bolometers with SIN Tunnel Junctions for Cosmology 
Experiments”, Journal of Physics: Conference Series (JPCS), 97, 012310 (2008). 

4. Leonid Kuzmin, “Distributed Antenna-Coupled Cold-Electron Bolometers for Focal Plane Antenna”, Proc. 
of the 19th ISSTT, pp 154-158, Groningen, April 2008. 
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TELIS SIR channel performance analysis 
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2 ESO, Garching,  Germany 
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4 DLR Oberpfaffenhofen, Germany 

* Contact:  gert@sron.nl, phone +31-50-363 4074 
        

Abstract 
The TELIS (Terahertz and sub-millimeter limb sounder) instrument is a three-channel heterodyne receiver developed for 
atmospheric research. TELIS is mounted together with the MIPAS-B2 instrument on a balloon platform of the Institute for 
Meteorology and Climate Research of the Karlsruhe Institute of Technology. TELIS can observe both in the sub-millimeter range 
(480-650 GHz) and at 1.8 THz, while MIPAS-B2 observes trace-gases in the thermal infrared window. Results are used to refine 
and constrain numerical chemical transport models.  
The SRON contribution to TELIS is the 480-650 GHz Superconducting Integrated Receiver (SIR) channel. This is a unique 
superconducting on-chip heterodyne receiver, consisting of a double dipole antenna, a SIS mixer, a flux-flow Local Oscillator, 
and a superconducting harmonic mixer used for phase locking of the LO-signal. The lowest noise temperature of the receiver is 
120 K DSB, measured over the full IF bandwidth (2 GHz).  
The first successful flight campaign with TELIS/MIPAS was in March 2009 from Kiruna (Sweden). The SIR channel was 
operating well during the 11 hour flight. Many hundreds of limb scan data have been taken at different frequency settings. This 
has shown the stable remote operation of the SIR receiver in harsh environmental conditions. The data is currently further 
analyzed and in order to get reliable level 2 data processing we have further characterized the channel properties after return of 
the instrument to the laboratory. Especially the Side Band Ratio of the channel is of importance and we have performed detailed 
analysis of this with a high resolution Bruker Fourier Transform Spectrometer. A new flight with TELIS is scheduled for winter 
2010, again from Kiruna. 
We will present data of the first flight, details of the channel characterization and possibly new results on the second flight of the 
instrument.  
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Abstract 

The source/mixer components required for the 325 GHz receiver channel has been developed at RAL for the 

International Sub-millimetre Air-Borne radiometer (ISMAR), new instrument for FAAM aircraft. We report here 

the design and development of the high performance components required for this receiver channel.  

The source operating at 162.5 GHz is based on RAL GaAs schottky varactor diodes in anti-series configuration 

mounted inside the waveguide as shown in the photograph Fig. 1a. The doubler gives a conversion efficiency 

~30% and 3dB BW >15% (Fig. 1b). 

 

 
Figure 1 (a) Photograph of the 162 GHz doubler inside the split block waveguide (b) doubler efficiency plot  

 

The double side band sub-harmonic mixer at 325 GHz is designed using RAL anti-parallel GaAs schottky mixer 

diodes. The mixer shows an excellent conversion loss <= 6.5 dB over a wider IF band (0.7 GHz to 11 GHz) for 

an optimum pump power of 3 mW. The performance is achieved using suspended substrate technology for the 

diode/matching circuits in order to reduce high frequency losses.    

 

 

 

 

 

 

 

 

 

 

 

 Figure 2 Mixer performance for the 325 GHz ISMAR receiver channel over the required IF band (0.5-11 

GHz).  

 

IF 

Band 

(GHz) 

Tm (K) L (dB) Optimum LO 

power (mW) 

0.7-2.3 1181 5.9 3.0 

2.3-4.7 1142 6.1 3.0 

8-11 1254 6.5 3.0 

High Performance component development at 

RAL for the ISMAR instrument 

Manju Henry, Byron Alderman, Brian Moyna, Simon Rea, Hosh Sanghera,  Dave Matheson 

 

302



 

Characterisation of the TELIS autocorrelator 
spectrometer

P. Vogt*, M. Birk*, G. Wagner*, F. Geiger*, G. de Lange†, H. Golstein†, O. Kiselev†, A. Emrich‡.

*Remote Sensing Technology Institute  
DLR 

Email: Peter.Vogt@dlr.de 
 

†SRON 
Email: G.de.Lange@sron.nl 

 
‡ Omnisys Instruments AB 

Email: ae@omnisys.se 
 
 

Abstract 

The balloon borne cryogenic heterodyne spectrometer TELIS allows limb sounding of the Earth's atmosphere 
within the submillimeter and far-infrared spectral range. The instrument was developed by a consortium of 
major European institutes that includes the Space Research Organisation of the Netherlands (SRON), the 
Rutherford Appleton Laboratory (RAL) in the United Kingdom and the Deutsche Zentrum für Luft- und 
Raumfahrt (DLR) in Germany (lead institute). TELIS offers three channels (450-650 GHz,  499-503 GHz, 1.79 
– 1.870 THz ) and utilises state-of-the-art superconducting heterodyne technology [1].   

As a spectrometer a 3-level autocorrelator with complex I-Q-sampling technique is used. It offers the 
advantage of low energy consumption, being light weight and has a resolution better than 2.5 MHz. A similar 
spectrometer without I-Q-technique has been successfully used on the ODIN satellite [2]. 

During gas cell characterization measurements of the TELIS autocorrelator spectrometer however, 
discrepancies occurred between measured and expected spectra. To investigate and quantify the observed 
errors, the TELIS autocorrelator spectrometer was referenced against a well known FFT spectrometer [3] in 
simultaneous measurements. In order to generate well controlled input signals, a 50 Ohm load plunged into 
temperature stable slush-baths ranging from 77 K to 273 K has been used. The obtained input signal was split, 
processed and simultaneously fed into both spectrometer inputs for spectral intercomparison. We will show and 
discuss the obtained experimental results for radiometric characterisation of the TELIS autocorrelator 
spectrometer. 
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On-Wafer Penetration Depth Measurements of 
Superconducting Films     
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Abstract—  An  on-wafer  measurement  technique  allowing 
measurement  of  a  superconducting  film's  penetration  depth 
without post device-fabrication separation of the chips has been 
investigated.  Coplanar waveguide (CPW) probes and a CPW to 
microstrip  transition  are  utilized,  allowing  the  use  of 
commercially available LakeShore® CPX-1.5K cryogenic CPW 
probing station capable of microwave measurements to 50 GHz. 
The  use  of  CPW probes  allows  for  rapid  prototyping  and  is 
nondestructive to the device wafers, and hence compatible with 
many device fabrication technologies.  Measurement techniques 
utilizing resonant microwave circuits have been reported [1],[2], 
but require mounting to custom-made test fixtures and are not 
performed  on-wafer,  but  instead  on individual  diced  devices. 
However,  such a dicing requirement is incompatible with our 
ultra-thin Si, Au beam-lead chip architecture [3].  In addition to 
a  traditional  resonant  circuit  measurement  technique,  a 
technique that uses on-wafer calibration standards is discussed. 
The on-wafer calibration eliminates possible effects introduced 
by the testing setup and potentially offers additional advantages 
such as a size reduction and a direct measurement of RF loss. 
The designs and results for both measurement techniques are 
reported for NbTiN films.

I. INTRODUCTION

Superconducting circuits have found broad application in 
THz  electronics,  with  energy  gap  materials  allowing 
operation at  higher  frequencies.   Precise knowledge of the 
films’  magnetic  penetration  depth  is  useful  in  the 
optimization  of  material  quality  and  integral  to  RF circuit 
design.

With regard to the material quality of sputtered films, there 
are multiple variables which may require optimization.  For 
larger energy gap superconductors, such as NbN and NbTiN, 
normal-state  resistivity,  stress,  and  transition  temperature 
have been used as figures of merit for optimization [4],[5]. 
Using BCS theory,  the penetration depth of  a  film can be 
approximated from these measurements using the relation [4]

l nm≈105[−cm 

T c K  ]


1
2


 (1)

where  λl is the London penetration depth,  ρ is the normal-
state resistivity, and Tc is the transition temperature.  A direct 
measurement of penetration depth can therefore also be used 
as a figure of merit.  Having test structure designs compatible 
with normal  device  fabrication  processes  will  alleviate  the 
need to require separate material test wafers.

The  use  of  resonant  circuits  though  the  microstrip 
resonator technique is a proven method for the measurement 
of  the  penetration  depth  of  thin  films  [1].   One  typical 

drawback is the necessity to dice devices and mount them in 
a custom fixture.  This requirement limits the usability when 
fabrication techniques  require thinning of the whole wafer. 
In an attempt to address this limitation, new resonators based 
on those published by Lea [2] are designed and adapted for 
use with a cryogenic CPW probing station. The use of such a 
system ensures testing can be performed on-wafer and non-
destructively.

Although  this  method  can  be  adapted  to  cryogenic 
probing, it still has fundamental limitations in terms of size 
requirements.  The method relies on measuring the resonant 
frequencies  which  only  occur  at  multiples  of  half 
wavelengths  of  the  fundamental  resonance.   As  such, 
transmission lines must be wavelengths in length, consuming 
valuable  area  on  actual  device-containing  wafers.   As  the 
wavelengths  decrease  with  increasing  measurement 
frequency,  a  trade-off  between  the  decrease  in  required 
resonator  length  and  increased  system  losses  at  high 
measurement frequency occurs.  Through the use of a CPW 
probing station, the resonators have been tested up to 50 GHz 
to  show  the  upper  limit  of  the  practical  measurement 
frequency using our probe station.

To  further  reduce  the  required  physical  size  of  test 
structures,  a  method  of  determining  the  penetration  depth 
without the need for long transmission lines is investigated. 
Through  the  use  of  on-wafer  TRL  standards,  the  phase 
velocity can be directly determined from the phase of the de-
embedded  S-parameters.   Since  the  phase  velocity  is 
determined from S-parameters across all and not only certain 
resonant frequencies, the need to fabricate lines of multiple 
wavelengths is removed.  An on-wafer set of TRL standards 
was  designed  and  fabricated.   The  TRL  standards  set  a 
reference  plane  after  a  CPW  to  microstrip  transition.   In 
theory,  when  such  a  calibration  is  implemented  the  phase 
velocity  can  be  determined  solely  from  the  calibration 
standards and no additional devices.

II. EXPERIMENTAL METHODS AND DESIGN

A. Penetration Depth Calculations

The  impedance  of  a  superconducting  microstrip  line 
differs from that of an ideal lossless line of zero resistance. 
The  penetration  depth  affects  the  impedance  of  the 
superconducting microstrip line through the change in kinetic 
inductance introduced by cooper pairs.  The solutions for the 
inductance and capacitance of a superconducting microstrip 
line have been published by W.H. Chang [6] as
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and

C=
0 W

h
K  (3)

where  W is the center  conductor  line width,  h is dielectric 
thickness, t1, λ1 and t2, λ2 are the thickness and the penetration 
depth of the center conductor and ground plane respectively. 
The factors  K,  rb and p take into account fringing fields and 
are determined by the microstrip geometries.  These factors 
are included in Chang's paper [6].

Noting  that  only  the  inductance  per  unit  length  is  a 
function of  penetration depth and that  for  our  design both 
metal  layers  are  the  same,  λ1=λ2=λl;  the  phase  velocity  is 
simply

 p=
1

 LlC 
 (4)

Once  phase  velocity  of  a  microstrip  line  is  measured, 
Matlab® is used to solve Eqs. 2-4 for the penetration depth.

B. Resonator Device Design

The  design  of  the  first  device  relies  on  the  microstrip 
resonator technique to determine phase velocity and calculate 
the  penetration  depth.   The  details  of  the  resonance 
measurement  technique  have  been  covered  in  detail  by 
Langley  [1]  and  Lea  [2].   Our  design  consists  of  a  low 
impedance ~1 Ω microstrip line connected at both ends by a 
50 Ω CPW line designed to be probed by a 150 μm pitch 50 
Ω CPW probe.  The impedance mismatch at the abrupt CPW 
to microstrip transition introduces the reflections necessary to 
measure distinctive resonant frequencies.  Fig 1 displays the 

design  including  the  abrupt  CPW  to  microstrip  transition. 
Multiple lengths of line ranging from 5 mm to 3.5 cm have 
been included in the design.

C. TRL Calibration / Direct Phase Measurement

The phase velocity of a transmission line of know length is 
simply

v p=
 l


 (5)

Where  ω is the angular frequency,  θ is the phase difference 
across  the line,  and and  l is  the length of the line.   If  the 
measurement  system  can  be  de-embedded,  phase  can  be 
directly  measured.   Once  the phase  velocity  is  determined 
using Eq. 5, penetration depth can be calculated from Eqs. 2-
4.   Since a  CPW probe is  used and  a CPW to microstrip 
transition  is  to  be  employed,  an  on-wafer  calibration  is 
required to de-embed the probes and transition.

A  set  of  on-wafer  TRL  standards  was  designed  and 
fabricated.   The  standards  set  a  reference  plane  for  phase 
measurement after the CPW to microstrip transition.  Fig 2 
displays the calibration standards and outlines the location of 
the  reference  plane.   The  standards  utilize  a  zero-length 
through, a 90° line at the center frequency, and a zero-length 
short  for  the  reflect.   The  short  is  created  by  physically 
connecting the center-conductor of the microstrip line to the 
ground plane though a hole defined in the dielectric  layer. 
Through the use of the NIST StatistiCAL® algorithm [9], the 
measured response of the standards is used to de-embed the 
entire measurement system before this reference plane.

Unlike  the  previous  resonator  design  where  high 
reflections are desirable, the design of the CPW to microstrip 
transition  is  such  to  allow  minimal  reflections  to  enable 
maximum  power  transmission  across  the  entire  frequency 
band.  To reduce reflections, a smaller microstrip line width 

Fig. 2  The Line, Reflect, and Through standards from top to bottom, 
respectively.  All standards contain alignment keys to aid with repeatable 
placement of CPW probes.  The reference planes are displayed as the solid 
vertical lines.

Fig. 1  A screenshot from HFSS® showing a portion of the 3D model before 
design simulations.  The CPW line is shown as well as the abrupt transition 
to microstrip.  The device is symmetric about the center of the microstrip 
line.
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is employed to increase the impedance.  The CPW line is also 
tapered to gradually reduce the 50 Ω input impedance at the 
probing location and provide a better match at the transition. 
The design was simulated using HFSS® to verify minimal 
reflections and a transmission coefficient with less than -10 
dB attenuation.  The superconductivity of the thin films was 
taken  into  account  by  noting  the  surface  impedance  of  a 
superconducting film of thickness t is

Z s= j0l

e
t
l 

Z n− j0l

Z n j0l

e
−t
 l

e
t
l −

Z n− j0l

Z n j0l

e
−t
 l

≈ j0l coth
t
l



 (6)

where Zn is the impedance of free space and Zn >> jωμ0λl [7]. 
Using this approximation, surface impedance boundaries for 
the films were set in HFSS.  Fig 3 shows the results of the 
simulation,  a  transmission  coefficient  of  >-8  dB  is  seen 
across the majority the band from 1-50 GHz.  In addition to 
the calibration standards, additional lines of 1-3 cm in length 
were included for comparison.

D. Equipment

All aspects of fabrication were performed in the University 
of Virginia Microfabrication Laboratories.  The designs were 
directly  exported  from  HFSS  to  CAD  format  and  were 
transferred to chrome plated photo-masks using a Heidelberg 
DWL 66 Laser Mask Writer.

DSP silicon wafers (50 mm diameter with 1500 Å thermal 
oxide) were chosen as the carrier substrate.  The NbTiN films 
were  deposited  by  reactive  sputtering  of  NbTi  through an 
Ar/N2 plasma.   The  details  of  the  NbTiN  deposition  and 
system used are previously covered in detail [5].  The oxide 
layers were deposited by RF diode sputtering of a 5 in quartz 
target.  The substrate was mounted using high vacuum grease 

to  a  water-cooled  grounded  platter  with  a  target-substrate 
separation of 1.5 in.

Film stress was measured by use of an optical profilometer 
which  measures  the  change  in  wafer  curvature  after  a 
deposition is completed.  Film resistivity was recorded using 
the four  point  probe technique.   All  film thicknesses  were 
measured  using  a  Dektak®  8  stylus  profiler.   Dielectric 
constant  of  the  oxide  was  determined  by  measuring  the 
capacitance  of  multiple  capacitors  fabricated  on-wafer 
alongside devices.   The capacitance was measured using a 
Wayne Kerr LCR meter connected to the DC probes of the 
CPX cryostat.

The  RF  measurements  were  performed  in  a  LakeShore 
CPX  1.5K  Flow  Cryostat  equipped  with  two  Picoprobe® 
CPW microwave probes.   All S-parameters were measured 
and recorded using mwavepy [8] and an HP8510C VNA.  A 
full  two  port  first  tier  calibration  was  performed  before 
connecting the VNA to the cryostat.  Raw first tier calibrated 
data was recorded and the subsequent TRL calibration was 
applied  as  a  second  tier  calibration  using  the  NIST 
StatistiCAL  calibration  package.   Temperatures  were 
monitored  using  a  LakeShore  Model  340  Temperature 
Controller and a DT-670 temperature sensor located on the 
cryostat's stage.  Apiezon N® grease was used as a thermal 
interface material between the substrate and stage.  

We found that during the time of testing, the cryostat was 
equipped  with  one  incorrect  model  probe.   Testing  was 
possible using this probe, but as a result of probe geometries, 
repeatable and reliable contact was difficult to achieve.  This 
has little effect on uncalibrated resonator measurements but 
can  play  a  critical  role  in  the  accuracy  of  the  calibrated 
device measurements.

III. RESULTS

A. Resonator Measurements

Five resonators with lengths ranging from 5 mm to 3.5 cm 
were tested.  A sweep from 1 to 50 GHz using 8001 data 
points was recorded.  Noting the limitation of the HP8510C 
to record a maximum of 801 data points, this was achieved 
by  breaking  the  sweep  into  smaller  bands  and  stitching 

Fig. 3  HFSS simulation results for the CPW to microstrip transition are 
shown above.  S21 is shown from 1 to 50 GHz and less then 8 dB attenuation 
is seen through most of the band. 

Fig. 4  The clear resonant peaks of S21 are seen from 1 to 50 GHz.
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together  10 separate  scans.   Fig 4 shows the  resulting S21 

measurements  and the sharp  resonant  peaks of  the 3.5 cm 
long  resonator.   The  fundamental  resonances  were 
determined at each peak by dividing the frequency of the nth 

peak by n.  This method was chosen over simply measuring 
the  difference  in  peak  locations  in  order  to  reduce 
measurement  error.   If  we model  the measured  frequency, 
fmeas, as the actual frequency,  f, plus an uncertainty term, e, 
the  fundamental  frequency,  fmeas/n, has  the  uncertainty 
reduced by a factor of n.

f meas

n
=
 f e 

n
= f

n  e
n   (7)

Fig 5 shows the measured fundamental resonances, as well 
as  their  mean,  plotted  across  the  nth order.   The  standard 
deviation to the mean is only 2.2 MHz.  This reduction in the 
uncertainty leads to a standard deviation which is less than 
the frequency spacing, 6.1 MHz, of the scan.  The RMS error 
of the fundamental resonance is a remarkably low 0.12%.

Using  the  results  of  the  5  resonators,  an  average 
penetration  depth  of  281  nm with  a  standard  deviation  of 
only  2.9  nm  was  calculated.   Using  the  NbTiN  film's 
measured resistivity of 107  μΩ-cm and measured transition 
temperature  of  14.45  K,  BCS  theory  (Eq.  1)  predicts  a 
penetration  depth  of  285  nm,  in  good agreement  with  the 
measured values. 

B. TRL Measurements

TRL measurements  were  recorded over a range of  3-23 
GHz,  which  is  the  designed  bandwidth  of  the  single  line 
TRL  calibration.   All  TRL  calibration  standards  were 
measured as well as lines of varying length.  The calculated 
penetration  depth  of  281  nm,  from the  previous  resonator 
measurements,  was used to predict  the calibrated response. 
The  response  was  then  compared  with  this  theoretical 
prediction to first give qualitative evidence the calibration is 
working correctly.  Fig 6 shows this agreement and one can 
see that around 20 GHz, the calibration begins to fail.  TRL 
calibrations  are  only  valid  within  a  limited  bandwidth, 

determined by the length of the line standard, and this is near 
the upper limit.  For this reason, only data below 20 GHz was 
used  for  the  penetration  depth  calculations.   For  the 
quantitative results, the calibrated results were used to solve 
for the phase velocity as shown in Eq. 5.  Three of the five 
measured lines gave usable results and a penetration depth of 
284 nm with a standard deviation of 9.5 nm was calculated.

IV. CONCLUSIONS AND FUTURE WORK

Two methods of measuring penetration depth have been 
investigated.   Through  the  use  of  CPW  probes  and  a 
cryogenic probing station, both methods introduce a method 
of  non-destructively measuring penetration depth on-wafer. 
A  notable  benefit  of  using  CPW  probes  is  the  ability  to 
rapidly test multiple devices.  Previous methods through the 
use of dip-sticks and dicing of individual devices can take 
hours to test a single device.  Another benefit is that the on-
wafer  devices  can  be  incorporated  to  any  mask  set  that 
includes at least two superconducting layers and one oxide 
layer.  Both test structures can also be fabricated on the same 
wafer and tested side-by-side in the same testing setup.

The CPW-adapted resonator measurement has been shown 
to provide results which agree well with each other, as well 
as  BCS  theory.   This  method  provides  accurate  on-wafer 
penetration depth measurements and has shown consistency 
up to 50 GHz.

The  phase  measurement  devices  produced  results  for 
penetration  depth that  agreed  well  with both the resonator 
measurements and BCS theory.  When directly compared to 
the  resonator  measurements,  they  did  have  a  standard 
deviation nearly  3  times larger  and only 3 of  the 5 tested 
devices  showed  usable  results.   With  regard  to  these 
disparities, it should be noted that during the time of testing, 
an incorrect  model probe had been provided by LakeShore 
and had to be used.  The physical difference of the incorrect 
model resulted in difficultly with repeatable probe placement. 
Such  repeatable  placement  is  an  integral  part  of  any 
calibration scheme.

Fig. 6  The measured phase plotted alongside the phase predicted using the 
calculated penetration depth from the resonator measurements.  Agreement 
is seen across the band until around 20 GHz, where it is believed the TRL 
calibration reaches the upper limit of it's bandwidth.

Fig. 5  The fundamental resonances, Fn, and their mean plotted across the Nth 

order resonance from which they were determined.  The standard deviation 
is 2.2 MHz and the RMS error is 0.12%.
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The motivation of pursuing calibrated measurements can 
be seen in the simplicity of Eq. 5.  Phase velocity, and hence 
penetration depth, can be extracted from the TRL standards 
themselves with no additional devices.  The calibrated phase 
information of the line standard can be used to determine the 
phase velocity when such a calibration is perfected.  The line 
standard  for  TRL calibrations  is  generally  only  a  quarter-
wavelength at center frequency, a much shorter length when 
compared to the multiple-wavelength long lines required for 
resonance  measurements.  An  additional  benefit  is  that 
penetration  depth  results  can  be  obtained  from any  wafer 
where TRL standards are already present, such is the case for 
many wafers containing superconducting microwave circuits. 

For  future  work,  accurate  resonance  measurements  at 
frequencies up to 50 GHz will allow the testing of resonator 
devices  of  reduced  size.   Further  work  and  improvements 
will be made to the probe station in efforts to increase the 
accuracy of TRL calibrations.  The TRL calibration will be 
retested,  including additional calibration standards designed 
for higher frequencies.  It is also believed RF loss can be seen 
in  the  magnitude  of  the  transmission  coefficient  of  a 
transmission line inserted between our two reference planes. 
This idea will also be tested in future work.
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Abstract 

We report on an application of photon counting detector in the sub-terahertz range of electromagnetic waves 
for imaging of natural and stimulated radiation emitted by free standing objects. The detector is assembled 
from a GaAs/AlGaAs quantum dot, electron reservoir and quantum point contact (QPC). Its operation relies on 
photon-to-plasmon and plasmon-to-charge conversion, followed by charge measurement in a single-shot mode. 
Individual photons excite plasma waves in the quantum dot, with a resonance frequency determined by the 
shape of the QD confining potential. The plasma wave decays subsequently by single-particle electron-hole 
excitations, which change the electrostatic potential stepwise in the close proximity to the QD. The potential 
steps are probed with the QPC operating as a sensitive electrometer. A studied object is placed on a two-
dimensional translating stage. Its emission is projected through an optical window onto the detector attached to 
a 1K cold finger in a cryostat. Subsequently translating the stage in two space directions we are able to map the 
distribution of the emitted radiation. The presented technique has a potential for imaging of objects passively 
radiated in the sub-terahertz range.   
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Abstract—In this paper we present a review of the progress that 
our group has done in the development of Carbon Nanotube 
based devices as THz detectors. We describe new techniques for 
fabrication of log periodic antennas, as well as for better control 
of the placement and selection of the CNTs. The new THz 
detector devices utilize single tubes (or a few single tubes in 
parallel), and have potential for increased responsivity by about 
two orders of magnitude, compared with the devices based on 
CNT bundles that we reported on at the ISSTT 2009. The new 
devices are initially characterized being characterized as 
microwave detectors in order to study and optimize the two 
detection modes (“diode”-type, and bolometer type) that we 
have identified. We plan to utilize the best CNT devices as 
heterodyne detectors, down-converting in a two-laser 
experiment from different terahertz frequencies to the GHz 
range. Further, we present new results of time-dependent 
simulations of the THz response of a single carbon nanotube. 
We use time-dependent density functional theory and obtain a 
value for the kinetic inductance that agrees with accepted 
theoretical/experimental values 

 

I. INTRODUCTION 

Our first paper at the ISSTT symposia on the topic of 
Terahertz detection in carbon nanotubes (CNTs) was 
presented at ISSTT2005 [1]. We also discussed the topic of 
microwave and terahertz detection in CNTs in ref. [2], as 
well as a later ISSTT symposia.  Our group reported the first 
terahertz detection in bundles containing m-SWCNTs [3], up 
to 2.5 THz, at ISSTT2008 and ISSTT2009.  The SWCNT 
bundles were coupled to log-periodic antennas similar to 
those used to couple to NbN HEBs.  CNTs are a promising 
medium for future terahertz detectors based on some general 
features based on their small diameters (1-2 nm) which lead 
to very low heat capacity and low capacitance. They can also 
have nearly ideal transport properties (ballistic transport) for 
both electrons and phonons. Detection in m-SWNTs can 
occur due to two basic mechanisms: (1) a diode type 
mechanism demonstrated at microwaves in [4]-[10]; (2) 
bolometer type modes, similar to that in HEBs and other 
terahertz bolometers. Both types of modes will be discussed 
below.  We present advances in device fabrication that have 
enabled us to realize antenna-coupled SWCNT devices that 
contain a single SWCNT, or just a few SWCNTs.  We have 
demonstrated excellent microwave detection in such tubes, 
and discuss how these results can be translated  to enable 
realization of future terahertz SWCNT detectors with 
enhanced responsivity. We also present unique results from 

time-dependent simulations of the THz response of 
SWCNTs, relevant for the development of such detectors. 

II. DEVICE FABRICATION 

As described at earlier ISSTT symposia, we fabricated the 
CNT devices by the dielectrophoresis (DEP) method. We 
refer to [11] and our earlier ISSTT papers for a general 
description of the method. We employed two types of log-
periodic toothed antennas, fabricated by lift-off UV 
lithography in sputtered films of either gold or palladium, see 
Figure 1. The latest antennas utilize e-beam evaporation for 
the gold film deposition. In the initial stages of working out 
optimized processes for DEP we often employed standard 
low-resistivity silicon substrates. We then changed to high-
resistivity substrates for actual devices to test at microwaves 
or at terahertz. All silicon substrates were oxidized with 
typical oxide thickness of 350 nm.  

 

     
 

 
 

Figure 1. Different terahertz log-periodic antennas used in 
this work: LPA2 (top left); LPA3 (top right) and LPA4 
(bottom).  

 
  Antenna LPA2 (Figure 1, top left) has a 1 μm gap and an 

estimated upper frequency limit of 3.5 THz.  The LPA2 
design is identical to one we used in our earlier NbN HEB 
work [12].  We were also concerned about minimizing the 
thermal conductance, and therefore fabricated antennas that 
had an etched trench in the silicon oxide in the gap region. 
Antennas of type LPA2 were employed as etching mask for 
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RIE etching of the trench. We term LPA2 antennas with a 
trench “LPA3”.  Antenna LPA4 is a new design that was 
employed to facilitate DEP deposition of tubes with 
improved contacts, see Figure 1 (bottom). In one version, an 
antenna with about a 9 μm gap (but without “side teeth”; 
yellow in Figure 1) was first fabricated and DEP was 
performed to place tubes in its well-defined gap. A second 
(log-periodic) antenna (green in Figure 1) was then aligned 
and fabricated on top of the first one, thus establishing 
contact from the top side of the CNTs.  Typically, the bottom 
antenna was made from gold and the top one from palladium. 
Palladium is known to produce the best contacts to CNTs, 
especially when it is applied from the top, and we have 
confirmed this in our work. A different version of LPA4 was 
later fabricated by using the same mask (the one with the 
smaller gap in Figure 1) for both the bottom and the top 
antenna. The photo resist for the top antenna was exposed 
differently which produced an antenna with a smaller gap 
that overlapped that of the bottom antenna along all edges.  

Results from our earlier work are shown in Figure 2. 
During this period we employed CNTs that were present in 
bundles, even after long ultrasonication [13]. The bundles 
also contained a surfactant, that affects the quality of the 
contacts negatively.  The SEM pictures show how the edges 
of the antennas were “flaked up” which made DEP difficult 
to perform successfully.  Another problem at this stage was 
that the tubes were deposited outside the main gap of the 
antennas. Attempt to avoid   this by etching a window over 
that gap (as shown in Figure 2, top left) and then performing 
DEP were only partially successful, but should succeed after 
further experimentation.  

 

    
 

   
 
Figure 2. SEM pictures of devices with CNT bundles, 

using antenna LPA2. The bottom pictures are taken at a 
slanted angle to show the etched trench below the bundles, as 
well as the flaking of the gold edges. 

 
The IV-curves of all bundle devices were of the “Zero-Bias 

Anomaly (ZBA) type, and dominated by the contacts, as 
described in our earlier papers (see Figure 3).  

 

 
Figure 3. IV-curves for a typical CNT bundle device. 

 

 To fabricate single tube devices with better contacts we 
switched to a different CNT manufacturer [14]. These tubes 
had been dispersed in water effectively by the manufacturer 
and did not include any surfactant. The procedures for the 
DEP were re-optimized in order to emphasize single tubes 
with good contacts. Important elements in the new process 
are the use of a very low concentration of the tubes in the 
solution (ng/mL), and selection of an antenna gap that 
matches only the longest of the tubes in the solution. While 
other methods have also been employed elsewhere for 
placing single SWCNTs on contacts, we believe the method 
described here is unique, and relatively simple to implement. 
We monitor the DC resistance simultaneously through a bias 
tee. The DEP process is halted when the dc resistance is 
sufficiently low. All devices were annealed in air at 200 oC 
for two hours which decreased the contact resistance.  As the 
result of the improved DEP process we were able to contact 
single SWCNTs to the LPA4 antenna. An example (device 
F2) is shown in Figure 4. The tube was measured by AFM to 
have a diameter of 1.5 nm, clearly identifying it as a single 
tube. We also note that DEP preferentially aligns metallic 
tubes, as versus semiconducting ones, which was confirmed 
based on the IV-curves for our devices.  

 

 
 
Figure 4. Example of a single SWCNT, contacted to an 

LPA4 antenna. The two frames in the center and to the right 
were imaged in an AFM.  

 
Even though the SWCNT in the device in Figure 4 was 

placed from the top of the antenna contacts, it had improved 
contact resistance as shown by an IV-curve that “saturated” 
at higher voltages, see Figure 5.  The saturation occurs 
because most of the bias voltage is developed across the 
SWCNT, rather than just the contacts, in this case. The 
resistance increases at higher voltages due heating of the 
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electrons in the tube and consequent optical phonon 
emission.    

 

 
Figure 5. IV-curves at temperatures from 4.7 K to 300 K 

for device 3D3.  
 
Further improvement of the contact resistance has been 

achieved by implementing the bottom/top antenna method 
described above. Figure 6 shows an IV-curve at 300 K for a 
device of this type, fabricated very recently.  

 

 
 

Figure 6. IV-curve (red) and resistance versus voltage 
(blue) for a device made with a bottom gold LPA4 antenna 
and a top palladium LPA4 antenna.  The device was 
measured at 300 K. 

 
III. FURTHER DC DEVICE CHARACTERIZATION 

 
We performed further measurements of the device 

resistance versus temperature in order to explore the height 
of the contact barriers.  In the AFM picture of  Figure 7 we 
can identify one single tube and one bundle, containing two 
tubes. The resistance of this device while varying both the 
bias voltage and the temperature is displayed in a 3-D 
diagram in Figure 8.  It is clear that there are two regions: (i) 
for low T and low V, the contact resistance begins to 
dominate; (ii) for higher T and V   the contact resistance 
plays only a minor role. This type of studies are being used to 
optimize the device processing in the direction of pushing the 
contact effects toward lower T/V.  For this particular device, 

the contact resistance may be neglected above about 200 K. 
The best low barrier contact devices we are aware of 
fabricated by other groups have negligible contact resistance 
effects above about 20 K [5,6,15].  

 

 
 

 
Figure 7. AFM picture of device 3D3 

 

 
Figure 8. A 3-D plot of the resistance vs bias voltage and 

temperature for device 3D3.  
 
IV. MICROWAVE DETECTION MEASUREMENTS 

 
Microwave (MW) detection in the devices was measured 

by feeding a MW signal through a coaxial cable to the 
device, which was mounted in a liquid helium dewar. This 
method allows us to perform both microwave and terahertz 
measurements on a particular device without changing the 
setup. Our experimental setup was described in our previous 
ISSTT papers.  We identified two different processes for 
MW detection: 

 
(1) The “diode” process. This detection mode is similar 

to that occurring in any semiconductor diode, except for the 
trivial difference that our IV-curves are symmetric between 
positive and negative bias voltages.  As in our previous work, 
we model the SWCNT as shown in Figure 9. 
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Figure 9. The circuit model for a single SWCNT.  

 
In the diode mode, we utilize the nonlinearity of the contact 
resistances in Figure 9, the IV-curve for the entire device is 
well described by this model, while neglecting the intrinsic 
SWCNT resistance. These IV-curves are similar to the ones 
in Figure 3). We find the responsivity from: 
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Here, R = V/I is the device resistance at the operating 
point, VTHz is the MW voltage at the device terminals and 
PTHz is the available power from the MW source. SV has units 
of V/W.    

 
2)  For the bolometer mode, the expression is 
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where  V0 is the bias voltage, b = (1/R)(dR/dT) and Gth the 
thermal conductance.   As shown in Figure 10, the diode 
mode occurs in the lowest voltage range, and the bolometer 
mode at higher bias voltages.  

 

 
 
Figure 10. Responsivity versus bias voltage for device C3 

at 4.2 K.  
 

The device in Figure 10 has one the highest responsivities 
for either mode, about 4,000 V/W in the diode mode and 500 

V/W in the bolometer mode. The response is quite flat with 
frequency up to 3 GHz, the highest frequency of the source 
used at the moment. We can predict the ideal response in the 
bolometer mode from Eq. (2), using R(T) and Gth for an 
optimum device [5,6,15], see Figure 11.  

Contact 1         Contact 2 
 
                       CNT 

 

 
 

Figure 11. Predicted optimum responsivity for a single 
CNT in the bolometer mode.  

 
What is noteworthy in Figure 11 is the fact that the 

responsivity depends only very slowly on the temperature, at 
least up to 200 K. For a more realistic device, we must 
include estimated coupling losses due to the high resistance 
of the device, 18 dB, which reduces the maximum SV to 
about 2,000 V/W. This excellent responsivity should also 
occur at terahertz frequencies provided that the coupling loss 
were the same. We will discuss the THz coupling loss further 
below.  The measured MW responsivities for devices C3 
(Figure 10) and F2 agree well with this theory. The 
maximum responsivity  (500 V/W)  is less than for the 
optimum device primarily because the contact barriers are 
higher.  MW measurements of the type described here enable 
us to optimize the device fabrication, particularly in terms of 
the contact barriers, as reflected in the IV-curves. 

We plan to perform heterodyne measurements using two 
lasers for a device that has been optimized in this manner. 
We can estimate the conversion gain (GC) in the heterodyne 
mode from the responsivity in the direct detector mode [17]: 

 

                         (3) LLOVC RPSG /2 2
 

Here, PLO is the local oscillator power and RL the load 
resistance at the IF.  With even a moderately good SV = 1,000 
V/W, PLO = 10-6 W, and RL = 100 Ω, we estimate a 
conversion gain of -17 dB. Since the responsivity can 
potentially be much higher the prospects for realizing a 
very efficient mixer are excellent. Moreover, the 
predicted temperature dependence of the responsivity 
(Figure 11) is very slow, showing the potential for 
operation at least up to about 100K.  Eq. (3) assumes that 
the IF output is matched to the IF amplifier and this would 
require a matching circuit. Alternatively, some IF mismatch 
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may be tolerated, or for example traded against using higher 
LO power.  

An estimate of the LO power can best be obtained by using 
the already measured typical IV-curves. We find a PLO of 
about 1 μW or less.  

 

V. TERAHERTZ COUPLING TO SWCNTS 

 
We have simulated the coupling loss for an m-SWCNT, 

expressed in terms of the S-parameter S11 in dB, using a 
circuit model similar to that in Figure 9.  The tube was 
assumed to be 1 μm long. The circuit model assumes a 
particular version of the Luttinger-Tomonaga plasmon 
model, which as mentioned earlier is not yet experimentally 
verified. Questions related to the terahertz model for 
SWCNTs and the resulting coupling loss are the most 
significant questions that still require much research in the 
filed of terahertz SWCNT detectors. It is encouraging to note 
that substantially reduced coupling loss is predicted at the 
plasmon resonance frequencies based on our present 
understanding of such models.  

 
 

Figure 12. Simulated coupling loss for a metallic SWCNT 
at THz frequencies.  Four different values for the SWCNT 

intrinsic resistance were assumed, as marked.  

VI. TIME-DEPENDENT  DFT SIMULATIONS  

Another objective of this study consists in performing 
reliable modeling and simulations of the CNT electron 
dynamics in order to supplement the high-frequency 
electronics experiments. Our primary focus has been 
concerned with setting up a robust and efficiency time-
dependent density functional theory (TDDFT) simulation-
based framework which we can address the numerical 
challenges arising from large scales related to both space and 
time. 

For addressing the electronic structure calculations of 
large-scale atomistic systems such as long CNTs, we have 
proposed a new modelling approach which benefits from 
well-suited combinations of specific mathematical and 
numerical algorithms that exploit fully the potentiality of 
real-space mesh techniques in achieving linear scaling 
performance [18]. As compared to traditional approaches, 
our DFT technique applied to CNTs allows order of 
magnitude speed-up and is applicable to both pseudopotential 

approaches and all-electron calculations. To address the 
problem of long time period required to capture the behavior 
of the electron dynamics in the THz regime, we have 
developed a numerical procedure that goes beyond 
perturbation theory or linear response. Accurate, robust and 
scalable time dependent simulations are indeed difficult, if 
not impossible, to achieve using conventional modeling 
approaches. Our technique consists of performing directly the 
integration of the time evolution operator (i.e. time ordered 
exponential) along with the spectral decomposition of the 
time dependent Hamiltonian at each time step. The 
expression of the evolution operator is given as follows: 

 

 

Our in-house FEAST eigenvalue solver [19,20] (which is 
more efficient and scalable than other conventional 
eigenvalue solvers) can be used to speed up the spectral 
decompositions and evaluate the exponential at each small 
time step dτ. In our work [21], we have also proposed a new 
Gaussian quadrature scheme to minimize the integration 
error on the Hamiltonian. This scheme provides a good trade 
off between computational consumption and numerical 
accuracy, meanwhile unitary, stability and time reversal 
properties are well preserved.  
Here, we are applying this TDDFT framework to the 
simulation of a (5,5) CNT whose end sections are wrapped 
around two electrodes, with no charge transfer, producing an 
AC voltage at the THz frequency (see Figure 13). 
 
 

 
Figure 13. Simulation set-up with an isolated CNT in contact 

with two electrodes (no charge transfer) producing an AC 
voltage at the THz frequency. 

 
The time variation of the electron density calculated at the 
two specific positions x1, x2 in Figure 13 is represented in 
Figure 14.  

We estimate the kinetic inductance (LK) of this tube from 
the basic definition that sets ½ LKI2 equal to the kinetic 
energy. The latter can be obtained directly from our 
simulation.  The kinetic inductance we find this way is 
3.6pH/nm which is in agreement with experimental and 
theoretical estimation results of 8pH/nm [22] and 4pH/nm 
[16]. We note that the kinetic inductance is an important 
circuit parameter in the transmission line model in Figure 9, 
that was referred to in our discussion of the plasmon 
phenomena in SWCNTs.   
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Figure 14. Time variation of the cross-sectional average of 
the electron density obtained at positions x1, x2. The CNT is 

only 2nm long here, and after a few periods the signal 
becomes periodic.  
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Abstract— Virginia Diodes is developing a series of Vector 

Network Analyzer extenders to cover waveguide bands from 

WR-10 (75-110 GHz) up to WR-1.0 (750-1100 GHz). This article 

discusses the basic configuration of the VDI extenders, and 

shows examples of several systems. Several measurement 

examples are discussed, including the measurement of 

waveguide loss, interface mismatch, and loads. Initial 

measurements of a WR-1.2 (600-900 GHz) extender are 

presented, showing a typical dynamic range of 85 dB.  

I. INTRODUCTION 

Vector Network Analyzers (VNAs) are used to accurately 

measure the complex scattering parameters for a wide variety 

of devices in different environments, and are a key 

measurement instrument in the microwave and millimeter-

wave frequency ranges. The accuracy of the VNA is 

achieved by using high quality signal sources and receivers, 

as well as sophisticated calibration methods that have been 

developed to eliminate systematic errors.  

 Virginia Diodes (VDI) is developing a series of 

modules that can be used to extend the frequency range of 

modern VNAs up to THz frequencies. This article describes 

the basic layout and operation of these VNA Extenders. In 

addition, measurements of waveguide components in the 

WR-1.5 (500-750 GHz) band are presented. 

 

II. FREQUENCY EXTENDER CONFIGURATION 

A schematic of VDI’s frequency extender configuration is 

shown in Fig. 1. The extender consists of a transmitter 

followed by back-to-back directional couplers. A receiver is 

attached to each of the couplers; one to sample the outgoing 

signal (i.e. the Reference Mixer) and one for the 

incoming/returning signal (i.e. the Measurement Mixer). The 

two VNA drive signals (one for the transmitter and one for 

the receivers) are offset by a fixed amount to generate IF 

signals at a constant frequency, which are then measured by 

the VNA.  

The transmitter consists of an amplifier followed by a 

series of full waveguide band frequency multipliers. Back-to-

back directional couplers at the transmitter output are used to 

route the signal power. One coupler samples the outgoing 

power and the second samples the input power that is 

received from the test port. This input power may be either a 

signal transmitted by this module and reflected off of the 

device under test (S11) or a signal transmitted by a separate 

module through the DUT (S21, for example). Each receiver 

consists of an amplifier and multipliers that generate the LO 

drive power and finally a subharmonic mixer, which gives 

high sensitivity and suppresses LO noise. The Reference 

mixer sets the amplitude and phase reference for the system, 

and the Measurement signal provides information about the 

Device Under Test (DUT). 

For full two-port measurements (i.e. measurement of all 

four S-parameters) two TxRx Extenders are used. For one-

path two-port measurements (i.e. measurement of S11 and 

S21 only), one TxRx Extender and one Rx Extender 

(consisting of a single receiver) can be used.  

 

III. WR-1.5 (500-750 GHZ) MEASUREMENTS 

A pair of VNA Extenders to WR-1.5 (500-750 GHz) are 

shown in Fig. 2. The multipliers and mixers in the extenders 

rely on VDI’s series of full waveguide band THz Schottky 

diode components, e.g. doublers, triplers, and subharmonic 

mixers. These components produce high output power and 

low conversion loss, yielding state-of-the-art sensitivity and 

bandwidth for the extenders. In addition to these components, 

a full line of directional couplers and other waveguide 

components have been developed. The WR-1.5 extenders 

have an average dynamic range of 100 dB (with 10 Hz 

bandwidth), and a test port power of -25 dBm (typ.).  

For calibration a TRL method was used, with a flush 

connection for the Thru, a ¼ wave delay for the Line, and 

short circuits for the Reflects. Measurements of the full two-

Fig. 1.  VDI TxRx frequency extender configuration. 
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port S-parameters were performed using a pair of TxRx 

heads.  

Fig. 3 shows measurements of a 25 mm long section of 

straight WR-1.5 waveguide. The return loss is dominated by 

reflections from the waveguide interface at each end, which 

introduces standing waves in the S21 measurement. The 

reflections from the two interfaces can be seen clearly in the 

time-domain data, shown in Fig. 4. The measured waveguide 

loss (Fig. 3(a)) matches the calculated loss of smooth-walled 

gold-plated waveguide, indicating the quality of the 

machining and gold. Similar loss measurements at other 

submillimeter bands have found that the loss for VDI 

waveguide ranges from 1-1.5 times the theoretical limit. The 

measurement disturbance at 557 GHz is caused by the strong 

water line at that frequency.  

Fig. 5 shows a measurement of the loss of a 90 degree H-

plane bend (length ~ 20.7 mm). The loss for this waveguide 

is about 5 times the calculated “ideal” loss. The dominant 

reason for the high loss is that the waveguide (made in two 

pieces) is split in the H-plane. The waveguide measured in 

Fig. 3 was split in the E-plane, which has less loss because 

there are no currents crossing the split.  

Fig. 6 shows the return loss of a WR-1.5 waveguide load 

in both the frequency and time-domain. The ripples in the 

return loss measurement (Fig. 6(a)) are caused by reflections 

between the waveguide interface and the waveguide 

termination. The return loss of the interface mismatch and of 

the termination are seen to be comparable.  

 

IV. WR-1.2 (600-900 GHZ) DEVELOPMENT 

Work is underway to develop extenders to above 1 THz. 

As an example, the dynamic range of a WR-1.2 prototype is 

shown in Fig. 7. A non-optimal drive chain was used for this 

measurement, and so the system frequency range is shifted 

 
(a) 

 
(b) 

Fig. 2.  (a) Photograph and (b) measured dynamic range of a WR-1.5 VNA 

Extender.  

  

(a) 

 

(c) 

Fig. 3.  (a) Insertion loss, (b) Return loss, and (c) transmission phase for a 25 

mm long straight waveguide section. The standing wave pattern is reflections 

from the waveguide interface at each end of the block. The notation “up” and 

“down” refers to the waveguide orientation of the UG-387/U-M flange, which 

can be re-connected after a rotation of 180 degrees. Ideally the curves for “up” 

and “down” should be identical, and differences indicate alignment issues 

between the waveguide and the alignment dowels.   
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higher in the waveguide band. Even so, this extender 

demonstrates excellent dynamic range up to 950 GHz. Work 

is underway to develop a drive chain that better matches the 

standard WR-1.2 waveguide band. Calibration standards 

have also been successfully developed for this band, and 

calibrated measurements will be performed once the system 

has been optimized. A WR1.0 system (750-1,100GHz) is 

also under active development.  

V. CONCLUSIONS 

Frequency extenders with high dynamic range have been 

developed up to 750 GHz, and research is underway to 

develop calibrated VNA measurements up to 1,100 GHz. 

Initial measurements have demonstrated dynamic range of 85 

dB (typ.) up to 950 GHz. These extenders have excellent 

amplitude and phase stability, and can be used to perform 

accurate measurements up to THz frequencies. 
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(a) 

 
(b) 

Fig. 6. S11 measurements of a waveguide load in the frequency (a) and time (b) 

domain.  

 

 

 
Fig. 7.  Measured dynamic range of a WR-1.2 VNA Extender.  

  

 
Fig. 4. Time domain measurement of a 25 mm long section of WR-1.5 

straight waveguide 

 

 
Fig. 5. Insertion loss for an H-plane bend, length ~ 20.7 mm.  

 
(a) 

 
(b) 

Fig. 6. S11 measurements of waveguide load.  

 

 

 
Fig. 7.  Measured dynamic range of a WR-1.2 VNA Extender.  

  

 

 
Fig. 4. Time domain measurement of a 25 mm long section of WR-1.5 

straight waveguide 

 

 
Fig. 5. Insertion loss for an H-plane bend, length ~ 20.7 mm.  
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Abstract—We report our work on development of 
microwave and terahertz detectors using AlN/GaN high 
electron mobility transistors. Microwave measurements (f 
= 10 – 40 GHz) using AlN/GaN HEMTs as detectors have 
been performed and the results have shown that the 
device work in non-resonant mode at room temperature 
with a responsivity roughly proportional to f 2 at low 
frequencies. Measured responsivity as a function of gate 
bias also shows reasonable agreement with theory and 
published results. Initial calculation results show that an 
AlN/GaN HEMT with 0.15 um gate length works in the 
resonant mode when it is cooled down to 77K. The 
fundamental resonant frequency increases from 200 GHz 
to 3.2 THz with gate-to-source voltage swing of 0.01 V to 
2.0 V. The drain-to-source voltage response also increases 
with increasing of the gate-to-source voltage swing. We 
plan to integrate the AlN/GaN HEMT devices broadband 
lens-coupled antennas and low-pass filters for tunable 
plasma wave THz detectors. 

I. INTRODUCTION 
High sensitivity, cost-effective and frequency-tunable 

terahertz (THz) detectors have many applications in 
astronomy, imaging, spectroscopy and biosensing. Current 
solid-state all-electronic THz detectors are mainly based on 
bolometers, Schottky diodes, and pyroelectric or 
photoconductive devices, and these detectors either have 
fixed operation frequencies and narrow band, or are 
‘broadband’ but require spectrometers or equivalent for 
spectrum analysis. Frequency-tunable detectors are desired in 
many systems for realizing all-electronic tunability instead of 
using gratings or moving mirrors that are bulky and prone to 
mechanical failure.  

Dyakonov and Shur [1] have shown that plasma waves in 
a high electron mobility transistor (HEMT) channel have 
nonlinear properties, and can be utilized for tunable terahertz 
detection. A HEMT, when biased with gate-to-source voltage 
(Vgs-Vth, Vth is the threshold voltage) and illuminated by 
electromagnetic radiation, can generate a constant drain-to-
source voltage due to the asymmetry boundary conditions at 
the drain and source. For a HEMT (with effective electron 
mass, m) with an effective gate length L, the plasma wave 
resonates at,  

                       mVVe
L

f thgs /)(
4
1

−=                           (1)                                          

 
and its odd harmonic frequencies. The quality factor of the 
resonance is determined by sτ/L, where s is the plasma wave 
velocity, and τ is the momentum relaxation time. If sτ/L > 1, 
the HEMT works in the resonant mode, and the detection 
frequency can be tuned by the gate-to-source biasing, 
according to (1). If sτ/L < 1, the HEMT then works as a non-
resonant broadband THz detector. 

To date, THz detectors using HEMTs have been 
demonstrated in various GaAs and GaN based devices [2, 3]. 
However, in most of the experiments performed, THz 
radiation was directly focused on devices without any 
coupling antennas, resulting in limited detector responsivity. 
In addition, the plasma wave in an GaAs HEMT corresponds 
to a plasma resonant frequency up to ~ 10 THz. AlN/GaN 
nano-scale heterojunctions offer better structures with very 
large tunable frequency range up to ~ 100 THz due to their 
extraordinarily high carrier concentration and high carrier 
mobility. Thus, THz detectors using AlN/GaN HEMTs can 
have much broader tunable frequency range and better 
sensitivity.   

In this work, we report our initial work on development of 
microwave and THz detectors using AlN/GaN HEMT 
devices. We have performed microwave measurements (10-
40 GHz) using AlN/GaN HEMTs as detectors. The results 
have shown that the device works in non-resonant mode at 
room temperature with a responsivity roughly proportional to 
f 2 at low frequencies, which agrees well with the theoretical 
prediction. Measured responsivity as a function of gate bias 
also shows reasonable agreement with the theory and 
published results [4]. Measurements at W-band using Agilent 
110 GHz vector network analyser (VNA), and at 200 GHz 
and 600 GHz using VDI (Virginia Diodes, Inc.) solid-state 
source will be performed to characterize the device 
behaviours at higher frequencies. Initial calculation results 
show that an AlN/GaN HEMT with 0.15 um gate length 
works in the resonant mode when it is cooled down to 77K. 
The fundamental resonant frequency increases from 200 GHz 
to 3.2 THz with the gate-to-source voltage swing (Vgs-Vth) 
varies  from  0.01 V  to  2.0 V.  The  drain-to-source  voltage 
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(a) 

 

 
(b) 

Fig. 1  (a) Carrier density and mobilities measured on AlN/GaN structures 
grown at Notre Dame in comparison with other 2DEG system [5], and (b) 
calculated corresponding plasma wave frequency in AlN/GaN HEMT 
devices and other semiconductors. 

 
response also increases with increasing of the gate-to-source 
voltage swing. 

   II.  ALN/GAN HEMT DEVICES 
High performance HEMT devices are desired in realizing 

tunable THz detectors. AlN/GaN HEMTs offer the 
advantages including simultaneously high 2-D electron-gas 
density (2DEG) and high carrier mobility, high current 
density, low sheet resistance and high tranconductance [5-7].  

As shown in Fig. 1 (a), nitride-based heterostructures have 
the extremely high 2DEG densities compared to other HEMT 
technologies. The fundamental upper limit of the 
polarization-induced 2DEG density at Al(Ga)N/GaN 
heterojunctions is nearly 6×1013/cm2, which is achievable 
only when the barrier layer is AlN, due to the maximum 
polarization (spontaneous and piezoelectric) difference 
between  the  AlN barrier and  the underneath GaN  layer [6].  
At such a high 2DEG density, the carrier mobility is usually 
degraded.  However,  a  window  is  observed   in  which  the 

            
(a) 

 

     
   

(b) 
Fig. 2  (a) Schematic of the AlN/GaN HEMT structure, and (b) SEM image 
of the device contact geometry. 

 
AlN/GaN heterostructures have both high mobility (1600 
cm2/V·s) and high 2DEG density, resulting in highly 
sensitive THz detectors in a wide frequency range. 
According to (1), the resonant frequency is proportional to 
the square rood of the 2DEG electron concentration.  Fig. 
1(b) shows the calculated plasma resonant frequencies in 
various semiconductors. The 2DEG formed at an 
AlGaAs/GaAs HEMT corresponds to a frequency up to 10 
THz, while an AlN/GaN HEMT can attain much higher 
frequency up to 100 THz.  

Fig. 2(a) shows the typical schematic of the AlN/GaN 
HEMT structure. The ultrathin AlN/GaN heterojunctions 
were grown at the University of Notre Dame using the 
process described in [6] using a Vecco Gen 930 plasma-
assisted MBE system. The process starts from the growth of 
a 200 nm unintentionally doped (UID) GaN buffer layer, 
followed by a 3.5 nm UID AlN barrier. The device isolation 
mesa is fabricated using a BCl3/Cl2 reactive ion etch (RIE) 
process and Ti/Al/Ni/Au stacks were deposited to obtain 
ohmic contacts. The gates were defined using e-beam 
lithography. A 3 nm Al2O3 gate dielectric was deposited 
followed by a Ni/Au gate metal layer. Fig. 2(b) shows the 
SEM image of the device contact geometry for RF probing 
measurement. The fabricated AlN/GaN HEMT devices 
resulted in a typical carrier concentration of  2.75×1013/cm2, a  
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Fig. 3 AlN/GaN Detector measurement setup for microwave frequencies 
from 0.1 GHz to 40 GHz, the microwave power is provided by an Agilent 
8722D vector network analyser. 

 
carrier mobility of 1367 cm2/V·s, and a device sheet 
resistance of ~ 166 Ω/□. 

 

    III. MICROWAVE MEASUREMENT 
On the basis of the Dyakonov and Shur theory [1], a 2D 

electron fluid detector operates in a non-resonant regime at 
low frequencies when  f → 0. The detector responsivity, R, is 
determined by [1]: 
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where Uac is the microwave amplitude applied to the gate, P 
is the available microwave power, and u is the channel 
electron mobility.  

To verify this, we have performed microwave 
measurement using AlN/GaN HEMTs as detectors, in the 
frequency range of 0.1 GHz to 40 GHz. The device for this 
study has a nominal gate length of 2 μm, a gate width of 25 
μm, a measured threshold voltage of -3 V, and a carrier 
mobility of ~1300 cm2/V·s. Fig. 4 shows the microwave 
measurement setup where the microwave power was 
provided by an Agilent 8722D vector network analyser. This 
allowed the input reflection coefficient to be measured when 
the incident RF frequency was swept from 0.1 to 40 GHz. 
The HEMT device was placed on a microwave probe station 
platform and fed by a GSG (Ground-Signal-Ground) 
microwave probe (see inset of Fig. 2 (b)), where the device 
gate was connected to the S-finger and the source was 
connected to the ground. The gate-to-source voltage was 
applied through the Agilent 8722D internal bias-T (Port 1). 
The device drain was connected to another GSG probe 
followed by the second bias-T (external), and the device DC 
response (i.e. the drain-to-source voltage, Uds) was measured 
using a digital multimeter at the bias-port of the second bias-
T. In this measurement, the output RF power from the VNA 
Port 1 (P0) was fixed at -10 dBm, and the detector 
responsivity, R, is defined as R = Uds/P0.  The intrinsic 
responsivity of the detector can be corrected on the basis of 
the reflection measurement (S11) at Port 1. 

Fig. 4 shows the initial microwave measurement results 
using  AlN/GaN  HEMTs as detectors.  Impedance  matching 

    
 

(a) 
 

   
 

(b) 
Fig. 4  Microwave measurement results: (a) measured frequency dependence 
of detector responsivity (gate-to-source voltage swing -1 V), and (b) 
measured gate bias dependence of detector responsivity. 

 
was not performed for this initial test, and the input reflection 
coefficient of the detector was found to be quite large (S11 
average -0.05 dB) and a strong function of frequency over 
the entire frequency range (10-40 GHz).  The cable loss of 
the measurement system was first measured, and then the 
device response was taken with gate biasing of -1 V. After 
cable loss (0-4 dB, depends on frequency) correction, the 
detector responsivity as a function of frequency is shown in 
Fig. 4(a). From nearly 15 GHz, the measured responsivity 
increases from 0 to 1 V/W (at 26 GHz) and then becomes 
relatively flat, with an average around 0.5 V/W. The 
responsivity is roughly proportional to f 2 at low frequencies 
(15-26 GHz), which agrees well with theoretical prediction. 
The behaviour at frequencies higher than 26 GHz will be 
discussed in the later section. At frequencies lower than 15 
GHz, negative responsivities were measured, which is not 
well understood at this time. Taking  into  account of the 
large reflection at the input port, the intrinsic responsivity of 
the AlN/GaN HEMT  as a  microwave detector will  be in the 
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Fig. 6  DC  I-V transfer curves for the AlN/GaN HEMT device under test. 

 
range of 0-10 V/W. Measured responsivity as a function of 
gate bias at 5.6 GHz is shown in Fig. 4 (b). The responsivity 
increases with decreasing gate biasing voltage when Ugs > -
1.6 V, and decreases rapidly when Ugs < -1.4 V. The detector 
theory in (2) and [1] only valid at Ugs > -1.4 V. The gate bias 
dependence of the responsivity shows reasonable agreement 
with the theory and published results [4]. We attribute the 
discrepancy to the relatively low quality of the device in this 
study. As shown in Fig. 5, the DC I-V transfer curves for the 
AlN/GaN HEMT device under test show relatively large 
drain current leakage (~ 3 mA) after pinch-off (i.e. Ugs < -3 
V), and relatively small transconductance. Better devices will 
be utilized in the future measurement.  

IV. ALN/GAN HEMT THZ DETECTORS 

    At terahertz frequencies, the plasma wave in a HEMT 
device resonates at fundamental frequency and its odd 
harmonics (see equation (1)). If sτ/L > 1, the HEMT works in 
the resonant mode, and the detection frequency can be tuned 
by the gate-to-source biasing, according to (1). If sτ/L < 1, 
the HEMT then works as a non-resonant broadband THz 
detector. On the basis of the Dyakonov and Shur theory [1], 
we have solved the 2D electron fluid equations in an 
AlN/GaN HEMT channel.  

Nonresonant THz Detectors:  For the AlN/GaN HEMT 
device under test in this study, we use me = 0.2 m0 (where me 
is the effective mass and m0 is the electron mass), gate length 
L = 2 μm, and carrier mobility u = 1300 cm2/V·s (room 
temperature). Fig. 6 (a) shows the calculated detector 
responsivity (gate biasing -1 V) over the frequency range of 0 
to 200 GHz. The responsivity increases rapidly at frequencies 
lower than 80 GHz, and then increases much slower at higher 
frequencies. The curve is quite smooth and no resonance is 
observed, demonstrates that the device works in a 
nonresonant mode (sτ/L ~0.02 << 1). We compare the 
calculated results with the measurement data from 15 GHz to 
40 GHz by taking into account of the large reflection at port 
1, as shown in Fig. 6 (b).  The agreement between theory and 
measurement is quite good at this microwave frequency 
range.  

   
 

(a) 

 
(b) 

 
Fig. 6 Nonresonant AlN/GaN HEMT detector: (a) calculated detector 
responsivity, and (b) comparison between theory and measurement. The 
HEMT device under study (theory) has a gate length of 2 μm, and a carrier 
mobility of 1300 cm2/V·s (room-T). In addition, we use me = 0.2 m0 for GaN 
systems. 

 

Resonant THz Detectors: A THz HEMT detector is predicted 
to have much higher responsivity when it works in the 
resonant mode [1]. In order to have a resonant mode THz 
AlN/GaN detector, the value of sτ/L must be greatly 
increased. Since the momentum relaxation time τ is 
determined by, 

                       eume /=τ     ,                              (3)   

the device can be cooled down to lower temperatures for 
higher carrier mobility. For GaN systems, u can be 
significantly increased from ~1000 cm2/V·s at room-T to ~ 
6500 cm2/V·s at 77 K. In addition, the device effective gate 
length L should be decreased. Our calculation shows that an 
AlN/GaN HEMT with 0.15 μm gate length at 77 K has 
resonant features on its frequency dependent responsivity 
curves. As shown in Fig. 7 (a), the fundamental resonant 
frequency of an cooled AlN/GaN HEMT (77 K, 0.15 μm gate 
length)  with 0.01 V gate-to-source voltage swing (Vgs-Vth) is 
nearly 200 GHz, and its third harmonic frequency is 600 
GHz. As shown in Fig. 7 (b), the fundamental resonant 
frequency increases from 200 GHz to 3.2 THz with the gate-
to-source voltage swing varies from 0.01 V to 2.0 V.  The 
drain-to-source voltage response also increases with 
increasing   of   the   gate-to-source   voltage   swing.   These 
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(a) 

 

 
(b) 

Fig. 7 Resonant AlN/GaN HEMT detector: (a) calculated detector response 
(Vgs-Vth = 0.01 V) as a function of frequency, and (b) the detector response 
at various gate-to-source voltage swing. The HEMT device under study 
(theory) has a gate length of 0.15 μm, and a carrier mobility of 6300 cm2/V·s 
(77 K). We use me = 0.2 m0 for GaN systems in this calculation. 

 

features are very attractive at THz region. Measurements at 
180-220 GHz and 570-630 GHz are currently under way. The 
AlN/GaN HEMT devices will soon be integrated with 
broadband lens-coupled antennas [8] and low-pass filters for 
tunable plasma wave THz detectors. 

               V. CONCLUSIONS 
We have performed microwave measurement (0.1-40 

GHz) using AlN/GaN HEMTs as detectors. The results have 
  

shown that the device works in non-resonant mode at room 
temperature with a responsivity agrees well with the 
theoretical prediction. Measured responsivity as a function of 
gate bias also shows reasonable agreement with the theory 
and published results. Room temperature responsivity 
measurement at W-band using Agilent 110 GHz vector 
network analyser (VNA), and at 200 GHz and 600 GHz 
using VDI (Virginia Diodes, Inc.) solid-state source are 
currently underway. Initial calculation results show that an 
AlN/GaN HEMT with 0.15 um gate length works in the 
resonant mode when it is cooled down to 77K. The 
fundamental resonant frequency increases from 200 GHz to 
3.2 THz with the gate-to-source voltage swing (Vgs-Vth) 
varies from 0.01 V to 2.0 V. The drain-to-source voltage 
response also increases with increasing of the gate-to-source 
voltage swing. The AlN/GaN HEMT devices are planned to 
be integrated with broadband lens-coupled antennas and low-
pass filters for tunable plasma wave THz detectors. 
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Abstract— We describe the design, construction, and 
performance of a waveguide Orthomode Transducer (OMT) for 
the 385-500 GHz band. The OMT is based on a symmetric 
backward coupling structure and has a square waveguide input 
(0.56x0.56 mm2) and two single-mode waveguide outputs: a 
standard WR2.2 waveguide (0.56x0.28 mm2) and an oval 
waveguide with full-radius corners. The OMT is rescaled from a 
lower frequency design that was developed for the 3 mm band; 
it was optimized using a commercial 3D electromagnetic 
simulator.  

The OMT consists of two mechanical blocks in split-block 
configuration that were fabricated using conventional CNC 
milling machine. A first prototype copper alloy OMT employing 
standard UG387 flanges at all ports was fabricated and tested. 
From 385 to 500 GHz the measured input reflection coefficient 
was less than –10 dB, the isolation between the outputs was less 
than -25 dB, the cross polarization was less than –10 dB, and the  
transmission was ≈-2 dB at room temperature for both 
polarization channels.  

The effects of misalignment errors in the OMT performance 
were studied using electromagnetic simulation.  

A second OMT version utilizing custom made mini-flanges 
and much shorter waveguides was designed and will be tested 
soon. This novel OMT is more tolerant to misalignment errors 
of the block halves and is expected to have much improved 
performance over the first prototype.  
 
 

I. INTRODUCTION 
An Orthomode Transducer (OMT) is a passive device that 

separates two orthogonal linearly polarized signals within the 
same frequency band. An OMT has three physical ports but 
exhibits properties of a four-port device because the input 
common port, usually a waveguide with a square or circular 
cross-section, provides two electrical ports that correspond to 
the independent orthogonal polarized signals. In modern 
radio-astronomy  receivers, requirements of the OMT are a 
high cross-polarization discrimination between the 
orthogonal signals, low insertion loss, and a good match of all 
electrical ports over relative bandwidths of 30% or wider. 
Several asymmetric OMTs have been designed to cover 

bandwidths of less than 30% [1]-[2]. Highly symmetric 
structures are required to avoid the excitation of higher order 
modes and achieve broad bandwidth (up to 40% or wider.)   

Because the small dimensions and tight tolerances pose a 
significant challenge for the fabrication and assembly of the 
parts, only few broadband OMT designs have been 
demonstrated to work well at frequencies greater than  
≈100 GHz. These designs are based on: a) the two-fold 
symmetric Bøifot junction [3]-[6] adopted for ALMA Band 3 
(84-116 GHz) and Band 6 (211-275 GHz); b) the four-fold 
symmetric turnstile junction [7]-[9] adopted for CARMA 
200-270 GHz and Clover 75-110 GHz;  c) the double ridged 
Bøifot-type junction [10]-[11] adopted for ATNF 
70-117 GHz and for ALMA Band 4 (125-163 GHz), Band 5 
(163-211 GHz), and Band 8 (385-500 GHz); d) the reverse-
coupling waveguide junction [12]-[13] adopted for the 
84-116 GHz band of the Sardinia Radio Telescope.   

In particular, the highest frequency range for which a 
broadband OMT has been developed and employed in a large 
project is the 385-500 GHz of ALMA Band 8 [14]; the OMT 
is based on a double ridged Bøifot-type junction.  

Alternative OMT designs based on finline [15] or planar 
structures have also been proposed for use at millimetre and 
submillimeter wavelengths. 

Here, we present the design and performance of two 
waveguide OMT prototypes for the 385-500 GHz band which 
are based on a symmetric reverse-coupling architecture. The 
first OMT prototype, presented in Sec. II, utilizes standard 
UG387 flanges and has long input and output waveguide 
sections. The second OMT prototype, presented in Sec. III, 
utilizes custom made mini-flanges, has much shorter input 
and output waveguides, and is more tolerant to misalignment 
errors of the mechanical blocks. 

II. FIRST OMT PROTOTYPE 

A. Architecture of the first OMT prototype 
The design of our first 385-500 GHz OMT is directly re-

scaled from the lower frequency device developed for the 3 
mm band (84-116 GHz band) presented in [13]. Our 
385-500 GHz waveguide OMT, illustrated in Fig. 1, is based 
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on a reverse-coupling structure and consists essentially of: a) 
a 0.56x0.56 mm2 square waveguide input (Port 1) that 
transitions to a full-height WR2.2 (0.56x0.28 mm2)  
rectangular waveguide through a two-section transformer; the 
transformer is followed by a 90 deg E-plane rectangular-to-
oval waveguide bend; b) two symmetric 900 waveguide 
hybrid couplers on the sidearms utilizing reactively 
terminated ports (dual-side backward coupler); c) an E-plane 
1800 waveguide hybrid (Y-junction) to recombine the out-of-
phase signals from the two backward coupling structures.  

The OMT single-mode waveguide outputs are: a) an oval 
waveguide with full-radius corners and external cross-section 
0.62×0.28 mm2 for Pol 1 (Port 2); b) a standard WR2.2 
rectangular waveguide for Pol 2 (Port 3.)  

The square waveguide input propagates two orthogonal 
linear polarized signals Pol 1 and Pol 2 associated, 
respectively, with the TE10 and TE01 fundamental modes, 
when the wavelength is below the cut-off value λc(TE10) = 2 a 

= 1.12 mm (frequencies above νc=267.67 GHz.) Besides the 
fundamental modes, higher order modes can propagate in the 
square waveguide in the 385-500 GHz frequency band of 
interest. These are the TE11 and TM11 that have the same cut-
off frequency of νc=378.55 GHz. In theory, these modes can 
be excited by the discontinuity created by the apertures (slots) 
of the sidearms. However, their excitation can be avoided as 
long as the two-fold symmetry of the structure is maintained. 
The adopted symmetry enables broadband operation allowing 
to achieve a relative bandwidth for the device larger than 
~30 %.  

The symmetric coupling structure in the common square 
waveguide arm splits, with opposite phases, the incoming 
Pol 2 signal in the two rectangular waveguide sidearms. 
Signal coupling to each sidearm is obtained with a broadband 
900 hybrid coupler realized as a 3-dB E-plane branch-line 
coupling structure with four branches. The four 0.10 mm 
wide apertures through the broad walls of the waveguide 
sidearms are equally spaced of 0.072 mm (see details in 
Fig. 2.) The branches have a length of 0.178 mm. The 
through port and the coupled port of each hybrid are 
terminated with reactive loads for Pol 2. In the common arm, 
the reactive load is provided by a two-section transformer 
polarization discriminator that reflects back all Pol 2 power in 
the 385-500 GHz frequency range of design. Indeed, the 
output rectangular waveguide section of such transformer has 
size 0.56×0.28 mm2 that cuts off the propagation of the TE01 
mode associated with Pol 2 to frequencies above 
νc(TE01)=535.34 GHz, outside our operating range. On the 
other hand, the orthogonal polarization, Pol 1, is relatively 
unaffected by the presence of both the branch-line apertures 
in the two sidearms and of the common arm two-section 
transformer. Each section of such transformer is 
approximately a quarter wavelength long. Therefore, Pol 1 is 
well matched to the output and is fully coupled (forward 
coupling) to a E-plane 90 deg bend transition that brings  out, 
orthogonal to the main arm, the oval cross section port; the 
oval waveguide is easy to machine with an end-mill and can 
be attached to a standard WR2.2 waveguide producing a 

negligible power reflection (return loss >38 dB across 
385-500 GHz.)  

The two Pol 2 signals emerging backward with -3 dB 
power from the sidearms of the reverse-coupling structure 
travel through two symmetric waveguide paths. Each Pol 2 
signal travels through a 180 deg WR2.2 waveguide E-plane 
bend (0.96 mm inner diameter), a straight waveguide section 
(length of 2.2 mm), and a 90 deg waveguide E-plane bend 
(0.85 mm inner diameter;) the two Pol 2 signals are 
recombined by an E-plane Y-junction power combiner with 
standard WR2.2 output whose axis is coincident with the one  

 

 
Fig. 1.  Internal view of the symmetric dual-side backward coupler OMT.  

 

 
Fig. 2.  Cutout views with dimensions (in mm) of the symmetric backward 
couplers of Fig. 1. The structure was optimized for operation in the 385-
500 GHz band. 
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of the square waveguide input. The combiner is based on a 
design by Kerr [16].  

In the rectangular waveguide sidearms, the reactive loads 
for Pol 2 are provided by a short circuited three-step H-plane 
discontinuity (two transformer sections.) The transformer 
sections have the same physical length and height in the 
sidearms and in the common arm to guarantee that Pol 2 sees 
the same impedance when looking toward the through and 
coupled ports of the hybrids. This allows the split Pol 2 
signals, which are reflected backward by the reactive loads, 
to recombine out-of-phase in the common arm (thus 
providing a destructive interference with low reflection at the 
common port) and in-phase in the two opposite sidearms. The 
constructive interference of the backward waves provides a 
coupling of –3 dB to each rectangular output port. Pol 2 
signals at these two ports are 1800 out-of-phase to each other  
because the E-field signal at the common square input 
couples to the two sidearm hybrids in opposite directions.  
The rectangular waveguide sidearms have a reduced height in 
the coupling section of the hybrids (0.213 mm rather than full 
0.280 mm) in order to increase the bandwidth of the device.  

The waveguide steps of the two-section transformers have 
round corners (radius 0.094 mm) to allow easy machining of 
the parts with an end-mill. Each reduced-height rectangular 
waveguide sidearm carrying the reverse-coupled -3 dB Pol 2 
signal is transformed to a standard WR2.2 full-height 
0.56×0.28 mm2 waveguide at the hybrid signal output. This is 
accomplished by a single-section quarter-wave transformer, 
0.55 mm long. 

The electrical performance of the OMT was optimized 
using the commercial electromagnetic simulator CST 
Microwave Studio1 based on the finite integration technique.  

 

B. Electromagnetic simulation of the first OMT prototype 
The first OMT prototype has long input and output 

waveguides (see Fig. 3) with lengths, respectively 11.3 mm 
and 10.8 mm. This OMT utilizes standard UG387 flanges.  
The physical length of the waveguide circuit of the OMT 
from input to output ports is approximately 14 mm for Pol 1 
and 31 mm for Pol 2.  

The simulation results for the reflected amplitude of the 
two independent fundamental modes TE10 (Pol 1) and TE01 
(Pol 2) at the square waveguide input of the device of Fig. 3 
are illustrated in Fig. 4. The reflection coefficient is 
below -17 dB for both polarizations over the entire band of 
interest. 

The simulated transmission losses at 300 K and at 4 K of 
the two polarization channels of the OMT are shown in Fig. 5. 
In the simulation, we assumed the waveguide conductor to 
have perfectly smoothed walls with conductivities 
σ=4.26⋅107 Ω-1m-1 at 300 K (same as the dc conductivity of 
Gold) and σ=10.0⋅107 Ω-1m-1 at 4 K. The simulated 
transmissions are about -0.35 dB for Pol 1 and about -1 dB  
 

 

                                                 
1 CST Microwave Studio, Darmstadt, Germany. 

 

Fig. 3.  Full view of the inner parts of the first OMT prototype showing the 
long square waveguide input (11.3 mm) and rectangular waveguide output 
(10.8 mm) of the reverse-coupling structure. The oval waveguide has a 
length of only 1 mm. 

 

 
Fig. 4.  Simulated reflection coefficient at the common waveguide port of the 
three-port device illustrated in Fig. 3. 

 

 
Fig. 5. Simulated transmissions of the full OMT illustrated in Fig. 3.  
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for Pol 2 at 300 K. Under these assumptions the losses at 4 K 
reduce to (4.26/10)0.5≈64%  of the 300 K values.  

To evaluate the contribution to the OMT insertion loss due 
to the input and output waveguide sections of the device, we 
simulated the loss of a straight section of a 11.3 mm long 
0.56x0.56 mm2 square waveguide and of a 10.8 mm long 
WR2.2 waveguide. The simulation results across 
385-500 GHz, shown in Fig. 6, indicate that the losses at 
300 K are ≈0.2 dB/cm and ≈0.3 dB/cm for, respectively the 
square waveguide and the WR2.2 waveguide. Therefore, in 
the OMT, more than half of the room temperature insertion 
loss of Pol 1 is due to the square waveguide input, and about 
half of the insertion loss of Pol 2 is due to the square 
waveguide input plus rectangular waveguide output. 

The cross-polarization and isolation levels of the OMT is 
expected to be zero (-∞ dB) for the perfectly symmetric 
model of Fig. 3. The extremely low but finite value (less than 
-100 dB) obtained from simulation is due to the numerical 
rounding off errors in the computation. 

 
Fig. 6.  Simulated transmissions loss of 11.3 mm long square waveguide 
(cross-section 0.56x0.56 mm2) and 10.8 mm long WR2.2 rectangular 
waveguide (cross-section 0.56x0.28 mm2) at 300 K and 4 K.  

 

C. Mechanical blocks of the first OMT prototype 
The OMT consists of two mechanical blocks and is 

fabricated by splitting the structure of Fig. 3 along the 
E-plane of the side-coupled rectangular waveguides. The 
device has external dimensions 19 x 26 x 28 mm3 and accepts 
standard UG387 flanges at all ports. A circular pocket 
(diameter 20 mm, depth 8.5 mm) is machined into one of the 
blocks to reduce the oval waveguide to a length of only 1 mm. 
Photographs of the assembled OMT and of the two 
unassembled OMT blocks are shown, respectively in Fig. 7 
and Fig. 8. The blocks were fabricated in 145 Copper alloy 
(unplated) using a Kern Micro numerically controlled milling 
machine at University of Arizona.   

Photographs of the internal details of the blocks are 
shown in Figs. 9-10. The blocks were aligned using two 
precision 1/16” diameter dowel pins. The tolerances for the 
waveguide channels in the two blocks and of the alignment 
between the blocks were specified at ± 5 μm.  The blocks are 
bolted together by four 4-40 stainless steel screws. 

 

 
Fig. 7. Photograph of the assembled OMT (first prototype) with UG387 
flanges at all ports. 

 

 
Fig. 8. Photograph of the two unassembled blocks of the first OMT prototype 
showing the internal waveguide circuitry. 

 

 
Fig. 9. Photograph of the internal details of one of the OMT blocks showing 
the dual-backward coupler waveguide circuitry and the three metal “teeth” 
between branch-line slots on both sidearms (close-up view.) The oval 
waveguide is also visible on the right.  
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Fig. 10. Detail of the three metal “teeth” between branchline slots of one of 
the coupler sidearms. 

D. Experimental results of the first OMT prototype 
The OMT was tested at JPL (Jet Propulsion Laboratory) 

using a Vector Network Analyser (VNA) consisting of a 
HP8510C Network Analyser and submillimeter-wave OML 
test set extensions. The VNA was calibrated at the WR2.2 
rectangular waveguides outputs of the extension heads using  
two-port calibrations with WR2.2 calibration kit. The 
calibration procedure was used to remove systematic 
instrumental effects and to calibrate out the response of the 
instrument up to the chosen calibration planes (see Fig. 11.) 
Additional measurement of two pairs of identical back-to-
back WR2.2 waveguide-to-square waveguide transition 2 
(3/4” long, linearly tapered from one end to the other, with 
UG387 flanges at both sides) allowed to calibrate out their 
individual effects and to derive the S-parameters of the OMT 
at the physical ports of the device.  

A schematic of the Pol 2 transmission test setup is shown 
in Fig. 11. The square waveguide input of the OMT was 
attached to the WR2.2 waveguide port of the network 
analyser (Port 1) through  the WR2.2 waveguide-to-square 
waveguide transition. The transition was oriented to excite 
the Pol 2 in the OMT. The WR2.2 waveguide output of the 
OMT was attached to the second WR2.2 waveguide port of 
the analyser (Port 2.) The oval waveguide of the OMT was 
terminated with a matched WR2.2 waveguide load. The 
transmission measurement of the other polarization channel 
was obtained with a setup similar to the one in Fig 11 but 
with WR2.2 waveguide-to-square waveguide transition 
rotated by 90 deg to excite Pol 1 at the OMT input and with 
waveguide matched load and second port of the analyser 
swapped at the OMT outputs. A photograph of the 
transmission test setup of Pol 1 is shown on Fig. 12.  

The measured transmissions of the OMT are illustrated in 
Fig. 13. The average measured transmission of the OMT is 
≈-1.7 dB for Pol 1 and ≈-2.2 dB for Pol 2, much larger in  
overall level of the values predicted by simulation (see Fig. 5.)  

The reflection coefficient at the OMT input port was 
measured for both polarizations by terminating the OMT 
outputs with WR2.2 matched loads. The amplitude of the 
measured reflection is below -10 dB for both polarization 
channels (Fig. 14.) 

An estimate of the isolation was obtained by measuring the 
transmissions from the OMT output ports with its square 
waveguide input port open to free space. This gives an upper 

                                                 
2 Radiometer Physics GmbH, Germany. 

limit of the isolation of the device. The measured isolation is 
below -25 dB (Fig. 15.)  

The cross-polarization of the OMT is the transmission 
from one polarization channel at the square waveguide input 
to the unwanted output channel when the other two electrical 
ports (of the four electrical ports device) are terminated into a 
matched load. We estimated the cross-polarization of the 
OMT by using a transmission setup similar to the one in 
Fig. 12, where the square waveguide-to-rectangular 
waveguide transition is connected to VNA port 1 to inject one 
polarization signal at the OMT square waveguide input port, 
the VNA port 2 is connected to the “unwanted” OMT output, 
and the second OMT output is terminated into a WR2.2 
matched load. The measured cross polarization level is 
below -10  dB across the band of interest (Fig. 16.)  

  
 

 
Fig. 11. S-parameter measurement of the OMT with the vector network 
analyser. The particular configuration refers to the transmission measurement 
of Pol 2. 

 

 
Fig. 12. Photo of the OMT during Pol 1 transmission measurement with the 
vector network analyser. 
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Fig. 13.  Measured transmissions of the first OMT prototype (at room 
temperature.)  

 
Fig. 14.  Measured input reflections of OMT (first prototype.) 

 

 
Fig. 15.  Measured upper limit of the isolation of the OMT (first prototype): 
transmission between output ports with square waveguide input open to free 
space. 

 
Fig. 16.  Measured  cross-polarization of the first OMT prototype. 

 

E. Electromagnetic simulation of misaligned square 
waveguides  
The measured performance of the first OMT prototype are 

clearly inferior to what expected from the electromagnetic  
simulation of the “ideal” device of Fig. 3. As a first step to 
understand the observed differences between simulation and 
measure, we estimated, using simulation, the contribution to 
the cross-polarization due to a lateral misalignment δ of a 
square waveguide section of length l (see Fig. 17) as it would 
result from a lateral shift of two block halves. The cross-
polarization is, in this case, the coupling between Pol 1 at one 
end and Pol 2 at the other end of the square waveguide.  

The cross-polarization was simulated for misaligned 
square waveguides with cross-section 0.56x0.56 mm2 (guided 
wavelength λg≈0.86 mm around the central frequency of 
440 GHz.) We used waveguide lengths l=11.3 mm (same as 
the input waveguide section of the OMT, ≈13 λg,) l=2 mm 
(≈2.3 λg,) and lateral misalignments δ of 2 and 5 µm.  

The simulation results are shown in Fig.  18.  We can see 
that for l=11.3 mm, even a misalignment as small as δ=5 µm 
generates a cross-polarization level of ≈-10 dB, which is of 
the same level of the one measured in the OMT. Reducing the 
square waveguide length down to l=2 mm decreases the 
cross-polarization level to ≈-25 dB (using the same δ=5 µm.) 
If we could reduce the misalignment to δ=2 µm in a 
waveguide with l=2 mm the cross-polarization would 
decrease to ≈-33 dB.  

Therefore, for a given misalignment δ, the cross-
polarization level is greater for a longer waveguide, while for 
a given waveguide length l, the cross-polarization level is 
greater for a larger misalignment.  
      In conclusion, the cross-polarization level can be 
minimized by choosing the shortest possible square 
waveguide length at the OMT input.  
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Fig. 17.  Square waveguide of length l with lateral misalignment δ along the 
E-plane of Pol 2.    
 

 
Fig. 18.  Simulated cross-polarization of 0.56x0.56 mm2 square waveguides, 
l=11.3 mm and l=2 mm long, with lateral misalignments δ of 2 µm and 5 µm.  
 

F. Electromagnetic simulation of misaligned OMT (first 
prototype) 
We performed electromagnetic simulation of a full 

structure of the first OMT prototype, as in Fig. 3, where the 
two OMT block halves are laterally misaligned of δ=2 µm  
and  5 µm.  

The simulation result for the transmissions of the two 
polarization channels with OMT blocks misaligned by 5 µm 
is shown in Fig. 19. The transmissions, of order -1 dB 
and -1.7 dB for, respectively Pol 1 and Pol 2, are 
considerably worst than those expected from the perfectly 
aligned device (see Fig. 5), and are quite close to the 
measured values (see Fig. 13.) 

The simulated input reflection of the OMT, misaligned by 
5 µm, is shown in Fig. 20. As we can see, except for a 
relatively small increase in reflection of Pol 1, the overall 
levels remain below -20 dB across most of the band, similar 
to the simulated value of the perfectly aligned device (see 
Fig. 4.) 

 
Fig. 19.  Simulated transmissions of the first OMT prototype of Fig. 3 with 
lateral misalignments δ=5 µm. We assumed the waveguide conductor to have 
perfectly smoothed walls with conductivities σ=4.26⋅107 Ω-1m-1 (300 K.) 
 
 

 
Fig. 20.  Simulated input reflection coefficient of the first OMT prototype of  
Fig. 3 with lateral misalignments δ=5 µm.  
 
 

 
 

Fig. 21.  Simulated cross-polarization of the full OMT of Fig. 7 with lateral 
misalignments δ of 2 µm and 5 µm. 
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Fig. 22.  Simulated isolation of the full OMT of Fig. 7 with lateral 
misalignment δ of 2 µm and 5 µm. 
  

The results of the electromagnetic simulation for the 
cross-polarization and isolation of the OMT misaligned of 
δ=2 and 5 µm are shown, respectively in Fig. 21 and Fig. 22. 
With a misalignment of δ=5 µm, the cross-polarization is 
approximately -10 dB, similar in overall level to the 
measured value as well as to the value resulting from the 
simulation of a 11.3  mm long square waveguide laterally 
misaligned by the same δ. This implies that, in a laterally 
misaligned OMT, most of the cross-polarization is due to the 
misalignment of the common square waveguide of the device 
rather than to the misalignment of the remaining parts (i.e. of 
the reverse-coupling structure.)  

The simulated isolation is of the order of -35 dB when 
δ=5 µm. Both cross-polarization and isolation decrease, 
respectively to ≈-20 dB and ≈-44 dB if δ=2 µm. 

In addition to the effects of misaligned block halves of the 
OMT, the cross-polarization level also depends on the 
misalignment of square waveguide joints [17] between OMT 
input and its connecting element (for example a square 
waveguide-to-rectangular waveguide transition used for test 
or a feed-horn used in a radioastronomy receiver.) The 
measured cross-polarization value of the OMT is due to the 
combined effects of the various misalignments as well as of 
the internal mechanical imperfections and small asymmetries 
in the OMT structure.  

III. SECOND OMT PROTOTYPE 
The simulation results presented in Sec. II E and F 

indicate that the OMT performance can be considerably 
improved by decreasing the length of the square waveguide 
input section of the device. Therefore, we decided to design a 
second OMT prototype with an input waveguide length l as 
short as possible. We adopted custom made mini-flanges at 
all ports and were able to reduce l to 2 mm. In the new design, 
shown in Fig. 23, the oval waveguide output was moved 
further away from the input. A shorter output waveguide 
(4.8 mm long) was also used. The physical length of the 
waveguide circuit of the new OMT from input to output ports 
is approximately 6.5 mm for Pol 1 and 20 mm for Pol 2, 

respectively 46% and 65% of the lengths used in the first 
OMT prototype.  

The alignment pins and screw holes of the mini-flange are 
on a 7.11 mm (0.28”) bolt circle. A slightly modified Y-
junction 1800 power combiner and additional waveguide 
bends in the sidearms are used to conveniently route the 
signals and avoid mechanical interference between the mini-
flange pins and screws with the waveguide circuit. 

A 3D drawing of the mechanical blocks of the new OMT 
prototype is shown in Fig. 24. The external dimensions of the 
OMT are the same as in the first prototype.  

 

 
Fig. 23.  Internal view of the new OMT design (full view) with short square 
waveguide input (2.0 mm long) and output (4.8 mm.) Custom-made mini-
flanges are adopted at all ports in order to reduce the length of the waveguide 
sections (see Fig. 24.)  

 
 
Fig. 24. Mechanical design of the second OMT prototype employing 
mini-flanges at all ports. The external dimensions are 19×26×28 mm3.  
 
     The results of electromagnetic simulation of the second 
OMT prototype are shown in Figs. 25-27. Three different 
cases were analysed with OMT block halves laterally 
misaligned of: δ=0 µm (perfectly aligned OMT), δ=2 µm, 
δ=5 µm.  
     The simulated input reflections (Fig. 25) depend weakly 
on  δ and are below -17 dB across the 385-500 GHz band. 

 Fig. 26 shows the simulated transmission of the device, 
which is about -0.25 dB for Pol 1 and about -0.65 dB for 
Pol 2. In particular, the transmission is greater than in the first 
OMT prototype and depends much more weakly on δ (see 
Fig. 5 and Fig. 19 for comparisons.) This is a considerable 
advantage of this new design. 
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Fig. 25. Simulated input reflection coefficient of the second OMT prototype 
of Fig. 23 with lateral misalignments δ=0, 2, and 5 µm. 
 

 

Fig. 26. Simulated transmission of the second OMT prototype of Fig. 23 with 
lateral misalignments δ=0, 2, and 5 µm. We assumed the waveguide 
conductor to have perfectly smoothed walls with conductivities 
σ=4.26⋅107 Ω-1m-1 (300 K.) 

 
The simulated cross-polarization and isolation of the OMT 

are shown in Fig. 27. With a misalignment δ=5 µm the cross-
polarization is approximately -25 dB, much lower than in the 
first OMT prototype, where a value of approximately -10 dB 
was predicted (see Fig. 21.) The cross-pol would reduce to 
≈-30 dB with δ=2 µm. The simulated isolation is of 
order -35 dB and -42 dB for, respectively δ=2 µm and 5 µm.  

Ideally, if we could reduce the length of the square 
waveguide input of the OMT in Fig. 23 from 2 mm to zero 
(which would be impossible to fabricate) the predicted cross-
polarization level with a lateral misalignment δ=5 µm 
between block halves would reduce to approximately -30 dB. 

 

 
Fig. 27. Simulated cross-polarization and isolation of the second OMT 
prototype of Fig. 23 with lateral misalignments δ=2 and 5 µm. 
 
 

VII. CONCLUSIONS 
We have presented the design, construction, and test of a 

385-500 GHz waveguide OMT based on a symmetric 
reverse-coupling structure. The OMT was fabricated in split-
block technique using a numerically controlled milling 
machine.  

The OMT was tested at JPL using a sub-mm VNA. The 
measured room temperature insertion loss was approximately 
2 dB, the reflection was less than -10 dB, the isolation was 
less than -25 dB, and the cross-polarization level was less 
than -10 dB for both polarization channels.  

Electromagnetic simulation of the OMT, obtained with a 
commercial software, predicted considerably better 
performance.  

We investigated the effects of misalignments between 
OMT block halves using simulation and found that even a 
small alignment error of  5 µm can explain most of the 
measured effects. 

Starting from the first prototype, we designed a second 
OMT that has shorter input and output waveguides and is 
much more tolerant to misalignment errors. The second OMT 
prototype is expected to have considerably improved 
performance over the first prototype. The new OMT is being 
fabricated and will be tested soon. 
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Abstract— Computer Numerically Controlled (CNC) machining 
of splitblock waveguide circuits has become the primary method 
of constructing terahertz waveguide circuits. The majority of 
these circuits have been made on traditional CNC machining 
centers or on custom-made laboratory machining systems. At 
both the University of Arizona and Arizona State University, we 
have developed techniques for machining splitblock waveguide 
circuits using purpose-built ultra high precision CNC 
machining centers designed for micromachining. These systems 
combine the automation of a traditional CNC machining center, 
including a high capacity toolchanger, workpiece and tool 
metrology systems and a large work volume, with the precision 
of custom laboratory systems. The systems at UofA and ASU 
are built by Kern Micro and deliver typical measured 
dimensional accuracies of 2-3 microns. Waveguide surface 
finish has been measured with a Veeco white light 
interferometric microscope to be Ra~75 nm. Tools of sizes 
between 25 microns and 10mm are available, with toolchanger 
capacities of 24-32 tools. 
 
The automated toolchanger and metrology systems allow a 
metal blank to be machined into the final part in one machining 
cycle, including both micromachining operations and traditional 
machining operations. This allows for perfect registration 
between all block features, in addition to very short cycle times. 
Even the most complicated blocks have machining cycle times of 
no more than a few hours. Workpiece and tool metrology 
systems also allow for fast setup times and straightforward part 
re-work. In addition, other high-throughput techniques such as 
palletization are enabled for the simultaneous manufacture of 
large numbers of blocks. 
 
Using these machines, we have successfully produced waveguide 
circuits at frequencies ranging from W-band to 2.7 THz, 
including highly integrated blocks. The Supercam project relied 
on these machines to produce integrated 8-pixel SIS mixer array 
units with integrated low noise amplifiers, bias tees and blind 
mate connectors. In addition, the 64-way corporate power 
divider used for LO multiplexing was machined using these 
techniques. This system consists of 17 split-block circuits 
containing E-plane power dividers, waveguide twists, diagonal 
horns and all associated flanges. The final system consists of a 
single WR-3 UG-387 input and an 8x8 array of 11mm aperture 
diagonal feedhorn outputs. This is one of the largest 
submillimeter waveguide circuits ever constructed. Future large 
focal plane arrays and other applications requiring highly 
integrated waveguide circuits will critically depend on this type 
of highly automated micromachining technology. 
 

We present the capabilities and machining process used with 
these machining centers, along with several waveguide circuits 
that were manufactured with this process including measured 
results from these circuits. Future directions for improving 
manufacturing quality and automation for large focal plane 
arrays will be discussed, including the use of palletization, in-
situ metrology, and automatic workpiece changers. Using these 
techniques, construction of the necessary waveguide blocks for 
even kilopixel class heterodyne array receivers should be 
realizable in a manageable time with high part yield and 
relatively low incremental cost. 

 
Figure 1: The Kern Model 44 (left) and Kern MMP (right) micromilling 
systems used at Arizona State University and the University of Arizona. 

MICROMILLING SYSTEMS 
The state of the art Kern micromilling systems at ASU 

(Model 44) and the University of Arizona (MMP) allow for 
the automated production of terahertz waveguide and 
quasioptical components with micron level accuracy and 
nanometer scale surface roughness (See figure 1). Both 
machines are equipped with laser tool measurement systems 
and strain-gauge touchprobes which allow the measurement 
and control of both tool sizes (both diameter and length) and 
workpiece location to the micron level. These machines are 
capable of maintaining their rated accuracies over their entire 
work volume, which enables very large integrated terahertz 
circuits to be produced, while maintaining dimensional 
accuracy and splitblock alignment. Both machines are 3-axis 
fully CNC controlled systems and are equipped with large 
capacity toolchangers. This allows all machining operations 
(both standard and micromachining) to be completed in one 
clamping, eliminating the need to align micromachined 
features to traditionally machined components. This 
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dramatically increases productivity while maintaining the 
best possible quality. Future upgrades to 5-axis machining 
are possible with both machines. 

These machines are capable of cutting traditional 
waveguide block materials (brass, copper, and aluminum) as 
well as more exotic materials including stainless steel, 
hardened steel, ceramics and silicon. Their high precision and 
large work volumes also make them particularly well suited 
to the production of terahertz optical components, optical 
systems and precision mechanical components. 

TABLE I 
MICROMILLING SYSTEM SPECIFICATIONS 

 Kern Model 44 Kern MMP 
Positioning 
accuracy 

+/- 0.5 micron  +/- 1.0 micron  

Surface 
Finish 

Ra<0.1 microns Ra<0.2  microns 

Work 
Volume 

300x280x250mm  250x220x200mm  

Max 
workpiece 
mass 

50kg 30 kg 

Spindle Vector controlled 50 
krpm  

Vector controlled 40 
krpm  

Toolchanger 32 positions 24 positions 
Tool 
measurement 

Laser diameter and 
length 

Laser diameter and 
length 

Workpiece 
setting 

Touchprobe Touchprobe 

Cutting 
lubricant 

Temperature 
controlled cutting 
fluid 

Oil mist lubrication 
system 

 

MICROMACHINING PROCESS 
The micromachining process at the UofA and ASU 

combines electromagnetic design, mechanical design, CAM 
programming, machining, metrology, assembly and RF 
testing in one location. This allows for rapid progress from 
design to finished, working components, and also allows for 
multiple design cycles for the refinement and optimization of 
complex THz circuits. The CAM system used with both 
processes (Openmind Hypermill) is integrated into the CAD 
package used for design. This system automatically updates 
CAM programming when the solid model is changed in the 
CAD package. Toolpaths are calculated to an accuracy of 0.1 
microns. 

 MICROMACHINED TERAHERTZ COMPONENTS 
The Kern MMP at the University of Arizona was 

originally purchased to fabricate the waveguide structures for 
the Supercam 64 beam array receiver [1]. The Supercam 8-
pixel mixer module is shown in figure 2. The block consists 
of eight single ended SIS waveguide mixers, with integrated 
diagonal horns. LNA modules, IF and bias distribution and 
electromagents are all contained in this single, large 
(160x50x11mm) waveguide splitblock. All waveguide, feed 
and classical machining is done in a single clamping per side 

in the Kern MMP. 20 tools, and approximately 4 hours of 
machine run time are required to complete a single splitblock 
half. 

 

 
Figure 2: The Supercam 8-pixel mixer module. The single splitblock 
contains 8 single ended SIS mixers, 8 low noise amplifier modules, 8 
electromagnets, and all DC and IF distribution circuitry. 

LO power multiplexing for Supercam is also accomplished 
using a micromachined waveguide structure. The 64-way LO 
power divider shown above-left consists of 17 separate 
waveguide splitblocks with custom interface flanges. The 
first waveguide splitblock consists of 7 WR3 E-plane Y-
splitters in a binary tree. This tree of splitters divides the 
output of a single Virginia Diodes LO chain by 8, with equal 
waveguide pathlength for each output port (see figure 3). The 
output ports end with splitblock waveguide twists. This 
block’s 8 output ports then meet 8 additional waveguide 
splitblocks. These blocks have an idential tree of 7 E-plane 
Y-splitters, but the output ports end with diagonal feedhorns 
(see figure above-right). The diagonal feedhorns are then 
extended with another set of splitblocks to reach 11mm 
aperture size. The final block achieves even pixel-to-pixel 
splitting of LO power to within 10%, with a total loss of 2 dB 
compared to a lossless divider [2]. 

 

 
Figure 3: The completed Supercam LO power divider (left) and a close up 
photo of one of the E-plane Y-junctions inside the splitter (right). 

 
In addition to Supercam, many other waveguide 

components have been produced. The spatial filter shown in 
figure 4 was designed to improve the beam quality of a 2.7 
THz QCL [3]. This is currently the highest frequency 
waveguide structure to be designed, fabricated and tested 
using our micromachining process. 
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Figure 4: A solid model and photo of a 2.7 THz spatial filter made at the 
University of Arizona using the micromachining process described in this 
paper. 

Highly integrated THz waveguide circuits are possible to 
fabricate using our micromaching process. The 660 GHz 
sideband separating mixer shown in figure 5 is fabricated 
from a splitblock containing two branch line directional LO 
couplers, 1 branch line hybrid coupler, two SIS mixers, an 
integrated diagonal LO feedhorn and associated IF circuitry 
and magnets [4]. The 1.45 THz mixer shown in figure 6 was 
fabricated using a 25 micron diameter cutter [5]. The b-
dimension of the waveguide is 42 microns. Feature depths 
are 18 microns for the waveguide backshort and 8 microns 
for the device channel. The coupler slot shown below right 
was cut with a 100 micron tool with a 5.5:1 aspect ratio. 

 

 
Figure 5: A 660 GHz sideband separating mixer block (left), and the 
splitblock alignment of the two halves of this block (right). The size of the 
full-height waveguide is 145x310 microns, with +/- 2 micron splitblock 
alignment. 

 
Figure 6: A 1.4 THz HEB mixer block for the Stratospheric Terahertz 
Observatory experiment. The dimensions of the waveguide backshort are 
160x42 microns, with a 18 micron depth. Features were machined with a 25 
micron diameter endmill. 

METROLOGY 
Metrology is a critical component to any micromachining 

process. High performance waveguide circuits are impossible 

 to successfully fabricate without the ability to measure 
micron-level dimensions and nanometer scale surface  
roughnesses. Both micromilling systems are equipped with 
laser tool measurement systems and touchprobe systems 
which allow the measurement of tool length and diameter to 
the micron level, and the location and rotation of the 
workpiece to the same level of precision. Combined with the 
exceptional positioning accuracy of the machine axes, these 
systems allow on-the-part accuracies of ~2um. Structure 
dimensions can then be measured to micron accuracies using 
a 3-axis measurement microscope with photographic 
capability. At the University of Arizona, a Veeco white light 
interferometric microscope is available to measure surface 
roughnesses. Typical surface roughness is Ra~75 nm. An 
example of such a waveguide is shown in figure 7. 
 

 
Figure 7: A white light interferometric microscope image of the floor of a 
350 GHz waveguide. The measured surface roughness is Ra~75 nm.  

FUTURE DIRECTIONS 
Automation techniques used for decades in classical 

machining systems can now be applied to high precision 
micromachining. Rather than producing one or a few 
waveguide blocks at a time, automation systems can allow 
the production of hundreds of blocks at a time without user 
intervention. The Kern Evo’s toolchanger can be expanded to 
up to 96 tools. The System 3R workpiece chuck allows 
straightforward palletization of workpieces, and allows the 
removal and reinstallation of the chuck with a precision of 
2um or better. The chuck can be combined with an automatic 
workpiece changer to allow the automated loading and 
unloading of pallets. Combined with the laser tool metrology 
system and workpiece touchprobe, very large numbers of 
THz waveguide blocks could be produced economically and 
quickly. Future instruments with large (~1000) pixels are 
feasible using these production techniques, in addition to the 
expansion of THz technology to the private sector. 
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Abstract— Silicon micromachined terahertz passive 

components such as silicon washers, waveguide blocks for 
W-band (75-110 GHz) power amplifiers, and waveguides 
for 325-500 GHz band have been designed, 
microfabricated, and characterized. Based on these results, 
an integrated 600 GHz silicon micromachined Radiometer-
On-a-Chip (ROC) has been demonstrated for the first time. 
It reduced in mass by an order of magnitude compared to 
the conventional metal machining. 
 

Index Terms—Silicon micromachining, Radiometer-On-a-Chip 
(ROC), waveguide, silicon washer.  
 

I. INTRODUCTION 
here is an increasing interest in the millimeter and 

submillimeter wave frequency range for various 
applications such as compact range radar, terahertz 

imaging, and the space [1-2]. The frequency bands for these 
applications are in the range of 300 GHz to 3 THz 
corresponding to a wavelength of 1 mm to 100 μm which 
silicon micromachining can contribute significantly. At 
submillimeter wave frequency range, the hollow waveguide 
has been used due to the low loss, and manufactured by 
conventional milling and drilling machines. However, at 
frequencies above 500 GHz, waveguides become so small (less 
than 0.3 by 0.15 mm) that conventional machining technique 
becomes extremely difficult, expensive, and/or impossible to 
manufacture.  Thus, silicon micromachining technique have 
been attempted to make passive components below 100 GHz. 
[3].  Silicon micromachining technique is capable of achieving 
micron feature size with excellent process control such as high 
aspect-ratio, uniformity, and surface quality. While there have 
been several demonstrations of waveguide circuits fabricated 
with silicon micromachining and other techniques, few if any 
of these circuits have been subjected to any significant 
electrical testing [3-4]. In this paper, we have demonstrated 
THz passive components such as silicon washer, waveguide 
blocks for W-band amplifiers, and waveguides for the 325-500 
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GHz band, and applied it to 600 GHz ROC for the first time 
ever. 

  

II. IMPLEMENTATION AND RESULTS  
A common hurdle to date to test these components has 

been the eventual interface of the Si pieces with the metallic 
waveguide. We have developed a silicon washer where the 
surface of the Si wafer is used to make the Si-metal interface. It 
showed the same behavior as metal washer (Figure 1).  

 
 

 
 
 

 
Figure 1. Measured attenuation data plot of both 2.5 mm-thick 
metal and 2.5 mm-thick silicon washers. Si washer is 
composed of 4 pieces of wafers. It shows almost identical 
behavior.   

 
Subsequently, we have designed and microfabricated a 

silicon based W-band (75-110 GHz) power amplifier module 
(Figure 2). This circuit is based on a stack of four Si wafers 
and provides the standard UG-387 flange for interface to 
metallic waveguides. The performance of the silicon block is 
similar to a block fabricated using conventional metal 
machining (Figure 3).  

 

Silicon Micromachining Technology for Passive 
THz Components 

Choonsup Lee, Bertrand Thomas, Goutam Chattopadhyay, Alex Peralta, Robert Lin, Cecile Jung, and 
Imran Mehdi  
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(a) 

  
                 (b) 

 
 (c)  

Figure 2. (a)View of top and bottom half of the silicon blocks. 
(b) It shows the GaAs power amplifier sitting on the channel in 
silicon micromachined waveguide. (c) Photograph of 
assembled GaAs power amplifier using silicon micromachined 
waveguide block.  

 
Figure 3. Measured data plot of GaAs pre-power amplifiers 
assembled in both metal and silicon blocks. It shows similar 
behavior.  

 
The pre-power amplifier assembled in metal module and 

the power amplifier assembled in silicon module are connected 
in a cascade (Figure 4). We have demonstrated over 140 mW 
at 94 GHz from the cascaded power amplifiers (Figure 4).  

          

 
Figure 4.  (left) Photograph of cascaded pre-amplifier and 
power amplifier (right) Measured output power of cascaded 
power amplifiers. Over 140 mW has been achieved.  

 
Furthermore, we have developed silicon micromachined 

waveguide components in WR-2.2 (325-500 GHz) band 
(Figure 5). We used a 40mm straight section of waveguide 
with two two-step H-plane bends bringing the waveguide 
flanges on top surface of the silicon. We measured 
approximately 5-6 dB of loss at 350 GHz for the guide, which 
also includes 8 mm of waveguide length of the testing fixture 
(Figure 5). These results are consistent with theoretical 
simulations and demonstrate that this approach can be used for 
building passive THz components.  

  
 

  (a)  

   
            (b) 

 
(c) 
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Figure 5. SEM images of 325-500 GHz waveguide. (a) bottom 
half of Si waveguide (b) top half of Si waveguide. (c) 
assembled waveguide. 

 

 
Figure 6. Measured data plot of 325-500 GHz waveguide 
block. The loss is about 5-6 dB according to HFSS simulation. 
It matches the measurement results.  

 

    
(a) 

    

(b) 
Figure 7. (a) Conventional machined 600 GHz receiver (b) 
silicon micromachined 600 GHz receiver. It reduces an order 
of magnitude in weight.   
 

 
Finally, we have applied silicon micromachining techniques 

to build a 600 GHz integrated heterodyne receiver. Double 
Side Band (BDS) receiver noise temperature of 4200 K and 13 
dB conversion losses have been measured at 540 GHz. It 
dramatically reduced both mass and size (Figure 7). 

 

III. CONCLUSION 
This is the very first demonstration of a novel receiver 

using silicon micromachining techniques. This architecture will 
open the new door for the development of large arrays of 
receivers in the sub-millimeter wave range.  
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Abstract

Planar waveguide E-field probes have been used in a number of millimeter wave instruments although usually 
for single polarization detection in rectangular waveguide.  The coupling efficiency of these types of probes is 
found to be high over the full waveguide bandwidth. Because of the advantages in integration, scalability and 
mass of planar OMTs compared to external waveguide OMTs, a planar OMT coupled to a corrugated horn is a 
good option for future CMB polarisation missions such as B-Pol. We estimate the performance of planar OMTs 
where the signals from the probes are combined after detection (power combination) and before detection (field 
combination) and show that under ideal circumstances the two methods give equivalent performance over a 
20%  bandwidth.  However,  field  combination  suppresses  coupling  to  higher  order  waveguide  modes  and 
therefore enables wider bandwidth operation (up to 40%). 

We present a design of an ortho-mode transducer (OMT) to separate two orthogonal linearly polarized signals 
traveling in a circular waveguide in the frequency band from 190-250 GHz band using 4 probes in circular 
waveguide. In this design, the power in each linear polarisation is divided between two opposite probes. A field 
combiner (hybrid coupler) combines the signals from the probes on opposite sides of the waveguide before 
detection using planar microstrip structures.  We use Ansoft/HFSS 3-D electromagnetic simulation software and 
the Agilent Advanced Design System (ADS) to evaluate the performance of the design and to determine the 
optimal probe geometry and feed impedance. The main questions have been investigated for this technology are 
coupling efficiency and cross-polarization response, achievable bandwidth, and scalability. 

Performance of Planar Ortho-Mode Transducers 
for CMB satellite missions 

Jin Zhang1, Philip Mauskopf1, Stafford Withington2, David Goldie2, Dorota Glowacka2
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Abstract—A TRL-calibration kit enabling S-parameter 
characterization of membrane circuits has been developed for the 
WR-03 band. The TRL-design features 3 μm thick GaAs 
membrane circuits packaged in E-plane split waveguide blocks. 
Membrane filters have been characterized after the calibration. 
 

I. INTRODUCTION AND BACKGROUND 
here is a strong need for development of compact receivers 
operating in the submillimeter wave band for earth 
observation instruments, space science missions as well as 

THz imaging systems. However, as circuit operating frequency 
increases, the difficulty of assembly increases as chip 
dimensions and alignment tolerances shrink. Furthermore, the 
high frequency circuits are usually limited by the thickness of 
the support substrate. To overcome these drawbacks, membrane 
supported monolithic integrated circuits (MICs) have been 
proposed and show promising results. However, little has been 
reported about the S-parameter characterization of membrane 
circuits. Although this is significant for circuit modeling and 
design verification. 

We have developed membrane thru-reflect-line (TRL) 
calibration standards to characterize membrane circuits in the 
WR-03 waveguide band (220-325 GHz) [1,2]. In this paper, we 
have improved the design of the contacting surfaces to the beam 
lead and to improve ground connection and alignment tolerance. 
TRL calibration is performed based on an optimized design of 
the TRL standards. S-parameter of passive circuits are 
presented.  

II. DESIGN AND METHOD  
We designed the membrane TRL standards and circuits using 

a three-dimensional electromagnetic simulator (Ansoft HFSS) 
and a linear circuit simulator (Agilent ADS). The design 
principle of the TRL standards is described in [3]. In our design, 
all standards have the same waveguide to planar interface in 
each end, as shown in Fig.1 (a). The thru and line standards 
have a length of 600 µm and 850 µm respectively, with a same 
nominal characteristic impedance of close to 100 Ω and a phase 
difference of 90 degrees at 300 GHz. An open standard was 
chosen as it has a very good response characteristic and should 
be less sensitive and more reliable than a short, which has a 
stronger dependence on mounting tolerances and perfect ground 
contact. To minimize the number of different mechanical blocks, 
the same mechanics as for the line standard were used for both 
the open and all the DUTs. The epitaxial structure and the 
membrane circuit fabrication are described in [2].  

The design of E-plane block is shown in Fig.1 (b). A 26 mm 
long reference waveguide (waveguide thru) was designed for 
evaluation of the waveguide loss. A modified block with 
decreased contact surface was designed to improve the contact 
to the beam lead.  

Fig.2 shows schematic pictures of planar view and cross 
section view of the membrane circuits in blocks. The beam leads 
provide electrical contact as well as mechanical support, making 
the membrane circuits suspend in the air. The membrane circuits 
were designed to have a self aligning structure with a tolerance 
of maximum 20 μm movement in the split-plane. After the first 
achievement of this work, we found this tolerance can be 
decreased to 10 μm.  

 
Fig.1. Microscope pictures of the membrane calibration standards (a) Photos of 
the blocks (b). 

 
Fig.2. Schematic pictures of planar view and cross section view of the circuits 
in blocks. 

 For the WR-03 test set, Oleson Microwave Labs (OML) 
V03VNA2-T/R frequency extension modules with an Agilent 
E8361A PNA S-parameter test set are used.  

III.  VNA CALIBRATION 
Calibration was first performed with waveguide TRL 

standards from OML to verify our membrane TRL standard 
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design. Once calibrated, the reference planes were set at the 
flange of the two frequency extenders. First, the flange thru 
(flanges directly connected) and the waveguide thru were 
measured, as shown in Fig.3. S21 of the waveguide is 
approximately -0.7 dB. Then the membrane standards were 
measured. As shown in Fig.4, S21 of the membrane thru and the 
membrane line is approximately -1 dB, respectively. These 
results indicate that the loss in a 2 mm long membrane is less 
than 0.3 dB. The ripples seen in S11, are most likely due to 
imperfect repeatability of the flange connections and inequality 
assembly. S11 of the membrane reflect is about -0.7 dB. S12 of the 
membrane reflect is below -40 dB, so that the two ports are well 
isolated even though only one reflect standard is used for 
calibration. 

 

 
Fig.3. S21 and S11 of the flange thru and the waveguide thru. 

 
Fig.4. S21 and S11 of the membrane standards and simulation of membrane line.  

Then we use membrane TRL standards for calibration. The 
reference plane is set in the middle of the thru after calibration.  
The membrane thru shows an insertion loss magnitude and an 
insertion loss phase variations within ± 0.01 dB and ±1 degree 
respectively without reconnection. Then, each membrane 
standard was reconnected and measured to check the 
repeatability. Small differences are observed in both magnitude 
and phase measurements between the two ports for all the 
standards.      

IV. RESULTS 
Figure 5 shows S-parameter characterization of a ring 

resonator filter after the calibration and comparison to 
simulation. Measured S12 and S21 are almost identical. A 5 GHz 
frequency shift, between the simulation model and circuit 
measurements, corresponding to 1.5 % of the resonance 
frequency was observed.  

 
Fig.5. S-parameter characterization of a 300 GHz ring resonator filter.   

Figure 6 shows S-parameter characterization of a stub filter 
after the calibration and comparison to simulation. Measured 
S12 and S21 are almost identical. A 10 GHz frequency shift, 
between the simulation model and circuit measurements was 
observed.  

 
Fig.6. S-parameter characterization of a 250 GHz stub filter.   
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Abstract— In this paper, we revisit the optics design for the 

ALMA Band 1 cartridge as presented previously by M. Carter  

and report on progress made towards that end.  Since the layout 

of the ALMA cartridges is not optimised for the lowest 

frequency band, certain design trade-offs must be made; most 

importantly the use of a re-focusing lens is required to avoid 

blocking other bands and the ALMA calibration device 

assembly.  Furthermore, we are motivated to analyse the optics 

design because close to half of the receiver noise budget is 

consumed by the optics, mostly due to truncation, reflection, 

and dielectric loss of the lens and infrared filters.  Any small 

improvement in the optics is worthwhile as its contribution is 

cascaded through the receiver.  Also of significance, the antenna 

and cryostat layout has changed since the original reports and 

that related to Band 1 must be clarified and updated. 

       

 

I. INTRODUCTION 

The Atacama Large Millimetre Array (ALMA) will be the 

largest millimetre and sub-millimetre radio telescope in the 

world. It is under construction in the Altiplano region of 

northern Chile, specifically in the Chajnantor Plateau. This is 

an extremely dry site at 5000 m altitude. Consequently it is 

one of the best sites on earth for the measurement of 

millimetre/sub-millimetre radiation from astronomical 

sources. ALMA combines an array of 66 antennas designed 

for continuum and spectroscopic measurements of the early 

Universe. It will also reveal new information about the birth 

of stars, planets, and galaxy formations with an angular 

resolution accuracy of 1”. Moreover, it will provide high 

sensitive and precision imaging between 30 and 950 GHz in 

10 bands at the Southern Hemisphere.  

Each telescope will have a common cryostat that was 

specially designed to house all ten receiver bands. The 

dimensions of this cryostat are 0.97 m in diameter and a 0.62 

m in height. Each receiver are designed to measure total 

power and dual linear polarization state of the received signal 

at a given frequency. They will be built in a cylindrical 

structure called cartridge which is divided in three section-

levels cooled down to 4, 15 and 110 K, respectively. This 

telescope will be fully functional in about 2012. ALMA Band 

1 will offer many unique scientific research capabilities 

related to the field of radio astronomical observation for low 

centimeter wavelength ranges. There are several important 

radio astronomical studies that can be made at this frequency 

band. Among them, the most interesting ones are the Cosmic 

Microwave Background radiation (CMB) anisotropies 

studies, high-resolution Sunyaev-Zel'dovich (SZ) effect 

imaging of cluster gas at all redshifts, gravitational lenses 

survey and monitoring, and mapping the cold Inter Stellar 

Media (ISM) matter at intermediate and high redshift. 

The aim of paper is to provide information about the 

different aspects that involve the design, optimization and 

construction of a suitable optical system for the 31-to-45GHz 

receiver that will be part of the prototype receiver for Band 1 

of ALMA. Three optical layouts will be presented: (1) a 

single HDPE lens that also acts as vacuum window – this is 

the original configuration[1,2], (2) two lenses forming a 

Gaussian beam telescope where the first lens is cooled, and 

(3) a single room temperature lens, but using a separate 

thinner vacuum window, giving more freedom to the choice 

of material for the lens.  In each scenario, the feed is 

represented as an optimum gain horn and first-order Gaussian 

beam analysis, i.e., quasioptics, has been used to model the 

system.  Each system is optimized for frequency independent 

illumination of the secondary and aperture efficiency, and 

then put into context through a comparison of the predicted 

receiver noise.  Focus efficiency has been placed at a lower 

priority since it is assumed that the secondary can be 

refocused. 

Progress on component development, including a 

comparison of different feedhorn designs and modelling will 

be summarised.  There is also considerable interest in either 

extending or shifting the existing frequency range of 31-45 

GHz towards 50 GHz, and consideration of the impact 

concerning the optics will be provided. 

 

II. OPTICAL DESIGN 

We started our work rechecking and updating some of the 

antenna and cryostat layout dimensions presented in [1] and [2] 

for the ALMA Band 1 optics. Our work continued with 

finding an optimum gain horn design that fit the ALMA 

cassegrain antenna specifications between 31 to 45 GHz 

frequency band. Once this was achieved, we proceeded to 

analyse the Gaussian beam propagation [3] between the horn 

and the antenna subreflector at those frequencies, using a thin 

lens approximation optical design. When a -12.3dB edge 

taper (this value gives the best ALMA antenna aperture 

efficiency for our quasioptical system design) for a frequency 

independent illumination at the subreflector were achieved in 

the simulations (i.e. when the Gaussian beam radius at the 

sub reflector is constant at any frequency) then we retrieved 

from the optimizations result the values of the lens focal 

distance, its separation from the horn, and the beam radius of 
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the propagating beam between the lens and the subreflector. 

Thereby, the lens thickness was derived using a bi-hyperbolic 

lens design, which preserve the face of the propagating beam 

[3] when pass through the lens. Finally, the total noise 

contribution of the optics was estimated for each one of the 

proposed optical configuration.   

 

A. Optical layout dimensions 

In this section we present the final layout location and 

dimension of the different optical parameters for this band. 

Those values are of importance when estimating the 

truncation losses and the edge tapper of the receiving signal 

when using quasioptical beam analysis. In Table 1 are 

summarized the most relevant optical parameters that we 

used in all our different simulations. 

 

TABLE 1  

BAND 1 UPDATED OPTICAL DIMENSIONS  

PARAMETER  VALUE  

Distance dewar top center to subreflector rim center 5.99380 m 

Distance dewar top center to subreflector apex 5.88287 m 

Angle horn to subreflector apex 2.48 deg. 

Optimal horn z-distance to dewar top  93 mm  

Optimal horn x,y-distance to dewar center   263.6 mm  

15 K and 110 K stage z-distance to dewar top 83 mm, 51 mm  

15 K and 110 K stage clearance aperture diameter  40 mm, 60 mm 

Dewar-top hole clearance diameter   110 mm  

 

B. The Feedhorn 

Figure 1 shows two different horn profile geometries that we 

studied. The first horn design was proposed by M. Carter [4]. 

In the same figure a similar horn geometry but with a simpler 

corrugation design is presented. This corresponds to our own 

horn design, which was developed using the concepts from 

reference [5]. Its final geometry was optimized using Ansoft 

HFSS electromagnetic software [6].  Both have the same 

aperture diameter and total length, but horn 1 has a variable 

pitch-to-width ratio while for the second horn this parameter 

is constant.  
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Fig. 1  Corrugated horn 1and 2 geometries. 

C. Bi-Hyperbolic Lens Design  

An important part of the work was to use different 

dielectric materials in the simulations to find the one that 

minimizes the lens thickness and therefore the dielectric 

losses of the same. Table 1 presents the material properties 

used for the different investigated optical layout 

configurations and their optical components. The IR-filters 

dimensions and properties are also included in this table. 

Those filters have already being designed by the IRAM for 

all the ALMA receiver bands [7].     

 

TABLE 2 
OPTICAL COMPONENT DIELECTRIC PROPERTIES 

Dielectric 

Material for: 

Material Souranding 

Temp. (K) 

Refractive 

index n 

Tan loss 

(e-004) 

Lens: 
 

 

Vac.Window: 

IR Filter: 

HDPE* 
Quartz* 

Silicon* 

Quartz* 

SolidPTFE 

Gore-Tex 

300, 15 
300 

300 

300 

110 

15 

1.5259 
2.1056 

3.4165 

2.1056 

1.5000 

1.2000 

2.73 
0.45 

4.00 

0.45 

3.00 

2.00 

 

* Refractive index and tan-loss values where averaged from well know 

experimental measured data taken from [3] and [8]. 

 

D. Studied Optical Configurations 

The technical specifications of the ALMA Band 1 

cartridge and cryostat design are presented in [2] and [9]. In 

both documents is stated that the use of a re-focusing lens 

device is required to avoid blocking the other receiver bands. 

That lens will be located between the top of the dewar and 

the antenna calibration system assembly. Since in the ALMA 

antennas there will not be moving optical parts, besides the 

subreflector, the design of the all the ALMA bands optical 

setups must be frequency independent (i.e. the illumination at 

the subreflector must approximately be constant for all 

wavelengths). Thus the antenna efficiency will be 

maximized. According to [10], the edge taper must be of 

about 12.3 dB. The studied optical system configuration that 

we present in this paper consisted in 3 single lens system 

layouts and a 2-lens optical system. The details of those 

layouts are the following: 

 

1) Optical layout 1: In this configuration a single HDPE lens 

at 300 K was used. The lens optimal simulation result gave 

us a diameter was of 20 cm and the total thickness was 5.72 

cm. The single lens used here acts also as a vacuum window. 

 

2) Optical layout 2: Two HDPE lens system. A small one 

placed inside the cryostat 15 K stage, and the second one 

locate between the top of the dewar and the ALMA calibrator 

device at 300 K.  

 

3) Optical layout 3: As in the first optical layout, this system 

also uses a single lens at 300 K but now we assume that this 

is made of quartz instead. A quartz vacuum window is also 

used at the top of the dewar.  

 

4) Optical layout 3: Here, the quartz lens used in the 

previous layout was replaced with a silicon lens design. It 

also has a quartz vacuum window at 300 K. 
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III. SIMULATION RESULTS 

A. Horn Radiation and Phase  Patterns 

In Figure 2 the simulated radiation pattern performances 

for horn 1 and horn 2 at 38 and 50 GHz are shown. Figure 3 

shows their respective return losses from 30 GHz up to 50 

GHz.  
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Fig. 2  CST [11] and HFSS simulated radiation patterns of the corrugated 

conical horn 1 and 2, at 38 and 50 GHz. 
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Fig. 3  Simulated return loss for the corrugated conical horn 1 and 2 between 

30 to 50 GHz  

The simulated radiation patterns and return losses results 

shows that horn 1 and 2 haves very similar shapes. Although, 

the cross-polarization levels of horn number 1 are better than 

the ones obtained with the second horn. Figure 3 shows the 

far-field phase pattern of horn 1 at different frequencies. 

 

-50 -25 0 25 50

-150

-100

-50

0

50

100

150

Phase Pattern Horn1. Freq: 31GHz

Angle (Deg.)

P
h

a
s

e
 (

D
e

g
)

-50 -25 0 25 50

-150

-100

-50

0

50

100

150

Phase Pattern Horn1. Freq: 38GHz

Angle (Deg.)

P
h

a
s

e
 (

D
e

g
)

-50 -25 0 25 50

-150

-100

-50

0

50

100

150

Angle (Deg.)

P
h

a
s

e
 (

D
e

g
)

Phase Pattern Horn1. Freq: 45GHz

 

 

E copolar

H copolar

-50 -25 0 25 50

-150

-100

-50

0

50

100

150

Phase Pattern Horn1. Freq: 50GHz

Angle (Deg.)

P
h

a
s

e
 (

D
e

g
)

 

Fig. 4  CST Microwave Studio Simulated far-field phase patterns for the 

corrugated conical Horn 1 at 31.1, 38, 45, and 50 GHz. 

 

B. Quasioptical Beam Analysis 

       Quasi-optics analysis of ALMA Band 1 system was 

carried out using thin lens approximation for the focusing 

elements. Further on, in this design we optimized very 

carefully the system total gain and its total noise contribution, 

taking into account the lens dimensions, its refractive index, 

thickness, focal distance, and as well as the IR filters 

dimensions, and material properties. The final simulation 

results were based on the horn 1 design presented in this 

paper and the geometry of the ALMA Cassegrain antenna, 

which details can be found in [2]. The final simulated results 

for the 4 different layouts are presented in Table 3. In Figure 

3 the Gaussian beam propagation of the fundamental mode 

for the optical layout 1 is shown at 31.3, 38, and 45 GHz.  
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Fig. 5  Gaussian beam propagation between the horn and the antenna 

subreflector (top) and a magnified view of the same closed to the horn-lens 
part (bottom). 
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TABLE 3 
BAND 1OPTICAL PARAMETERS FOR THE DIFFERENT  LAYOUTS 

 Layout 1 Layout 2 Layout 3 Layout 4 

Lens 1. 

Material: 
Distance to horn 

[m]: 

Focal length [m]: 
Diameter [m]: 

Thickness [m]: 

 

HDPE 
0.1812 

0.1750 

0.2000 
0.0578 

 

HDPE 
0.2620 

0.1778 

0.2076 
0.0598 

 

Quartz 
0.1812 

0.1750 

0.2000 
0.0325 

 

Silicon 
0.1812 

0.1750 

0.2000 
0.0194 

Vacuum Window. 
Material: 

Distance to horn 

[m]: 
Diameter [m]: 

Thickness [m]: 

 
 

None 

 
 

None 

 
Quartz 

0.0930 

0.1100 
0.00065 

 
Quartz 

0.0930 

0.1100 
0.00065 

Lens2. 

Material: 

Distance to horn 

[m]: 

Focal length [m]: 
Diameter [m]: 

Thickness [m]: 

 

 

None 

 

HDPE 

0.0700 

0.0382 

0.0782 
0.0379 

 

 

None 

 

 

None 

Edge Taper [dB]. 

31GHz 

38GHz 

45GHz 
50GHz 

 

-12.32 

-12.33 

-12.34 
-12.35 

 

-12.43 

-12.51 

-12.58 

 

-12.32 

-12.33 

-12.34 
-12.35 

 

-12.32 

-12.33 

-12.34 
-12.35 

 

E. Total Gain and Noise Estimations 

After optimizing the illumination efficiency of each 

one of the optical system layouts, we estimated the total 

noise contribution of each one optical layout configurations. 

The gain and noise contribution related to the beam 

truncations, dielectric losses, and reflection losses of the lens 

and IR-Filters were included in the overall noise calculations. 

Truncation and reflection termination temperatures were 

taken as average of both sides. The reflection losses in the 

lenses and IR-filters were modelled assuming perfect surface 

matching. Therefore those losses were estimated to be of 

about -20 dB for the lens cases and-25 dB for the IR-filters. 

Focus efficiency of the antenna has been placed at a lower 

priority since it is assumed that the secondary can be 

refocused. Figure 6 shows the total optic noise contributions 

estimated for each one of the systems. 
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Fig. 6  Total noise estimation of the 4 different studied optical layouts. 

 

Layout 3 (quartz lens + quartz vacuum window) 

provides the lowest system noise contribution. From the 

practical and economic point of view, layout 1 (single HDPE 

lens design) is a more competitive system since it is easier to 

construct with a CNC machine.  
 

F. Surface matching of the lens 

The lens reflection losses were modeled with CST 

Microwave Studio [11] using straight grooves and hole 

patterns. According to the preliminary results, a hole pattern 

gives the same performance for both linear polarisations. The 

simulation results of straight grooves surface matching is 

presented in Figure 7, while Figure 8 shows the results of the 

lens hole patterns surface matching. Their corresponding 

profiles geometries are shown in Figure 8. 

 

 

Fig. 7  Straight grooves surface matching between 30 to 50 GHz. 

 

 

Fig. 8  Hole patterns surface matching between 30 to 50 GHz 

 

 
 

Fig. 8  Straight groove and hole pattern profile geometries. 
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IV. CONCLUSIONS AND FUTURE WORK 

We have found that the dimensions of the optical 

parameters as proposed in the ALMA project book were not 

completely correct. When comparing the horn simulation 

results designed by M. Carter with our own simpler horn 

design, we found that both designs have rather similar 

characteristics although Carter’s have slight better cross 

polarization. The quartz lens optical design (layout 3) gave 

the best noise performance of all the 4 different optical 

configuration layouts presented in this paper. However, the 

single HDPE lens design, originally proposed by ALMA, 

continues to provide a good noise performance given the 

layout constraints of the cryostat. Moreover, the main 

advantage of using a HPDE lens with an antireflection 

surface matching (e.g. with a machined hole pattern 

geometry) is that it is easier and less expensive to construct 

using a CNC lathe machine than using a lens made of quartz. 

Before constructing and testing the HDPE lens or the 

quartz lens, a physical optics analysis of both configurations 

will be completed using Zemax. This will help to optimize 

the final shape and optical parameters of the lens.  Also, the 

first horn prototype is being constructed now and will be 

tested soon. 
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Abstract—This paper describes an activity that has begun 

recently to develop an international standard for rectangular 

metallic waveguides and their interfaces for frequencies of 

110 GHz and above. The IEEE’s Microwave Theory and 

Techniques Society (MTT-S) is sponsoring the development of 

this standard. The MTT-S Standards Committee has set up the 

P1785 Working Group tasked with undertaking the work that is 

necessary to write this standard. This paper describes the work 

to date of this Working Group and the future activities that will 

be necessary to complete the standard. 

 

Index terms—Waveguides, rectangular waveguides, millimetre-

wave, submillimeter-wave, waveguide flanges, waveguide 

interfaces 

 

I. INTRODUCTION 

At the present time, no international document standards 

exist for defining sizes and interfaces for rectangular metallic 

waveguides used at submillimeter wavelengths (i.e. at 

frequencies above 325 GHz).  Some proposals for sizes and 

interfaces have been published in recent years (e.g. [1-7]) but 

these have not yet been adopted by any of the international 

standards-making bodies (e.g. ISO, IEC, IEEE). This 

situation was recognized recently by the IEEE Standards 

Association, and this has led to a project being initiated to put 

in place an IEEE standard for both waveguide sizes (i.e. the 

aperture dimensions) and their associated interfaces 

(e.g. flanges) suitable for use at all frequencies above 

110 GHz. Although standards already exist for waveguides in 

the 110 GHz to 325 GHz range (see, for example, [8, 9]), 

these waveguides will also be included in the new IEEE 

standard to allow their tolerances to be re-evaluated in the 

context of contemporary manufacturing capabilities. 

The development of the new standard is being sponsored 

by the Standards Committee of the IEEE’s Microwave 

Theory and Techniques Society (MTT-S). A working group 

has been set up (and assigned the project number P1785) that 

will write the standard and ensure that it is published in a 

timely manner. This working group held its first meeting 

during the International Microwave Symposium (IMS) in 

Atlanta, GA, USA, in June 2008. The working group has 

since met a further three times (i.e. approximately every six 

months), with the next meeting scheduled to take place 

during IMS in Anaheim, CA, USA, in May 2010 

(www.ims2010.org). Membership of the P1785 Working 

Group is open to all persons with an interest in this area, and 

membership to the P1785 Working Group can be achieved by 

attending at least one, or more, of the working group 

meetings. The working group currently has 22 members. 

It is envisaged that the standard will be published in two 

parts: one part dealing with waveguide dimensions and 

recommended frequency bands; the other part dealing with 

waveguide interfaces (including flanges). The working group 

is already making good progress with Part 1 of the standard 

and it is likely that a first draft will be available for public 

comment during 2011. 

This paper gives a review of all the activities of the 

P1785 Working Group. The paper describes the progress of 

the working group to date – specifically, the work on defining 

frequency bands and waveguide aperture dimensions. This 

includes a review of the waveguide size scheme that has been 

provisionally chosen for inclusion in the IEEE standard. The 

paper also describes the planned working group activities for 

the future, including: the other remaining steps needed to 

complete Part 1 of the standard; and, information about 

waveguide interfaces to be included in the standard. More 

information about the standard, and the activities of the 

P1785 Working Group, can be found at: 

http://grouper.ieee.org/groups/1785. 

II. PROGRESS TO DATE 

Much of the first two meetings of the P1785 Working 

Group, in June and December 2008, were concerned with 

defining the general scope of the standard and the level of 

detail for the information to be included in the standard. It 

was also agreed during these early discussions that metric 

units
1
 (i.e. millimeter and micron) will be used in the 

standard, rather than the Imperial units (i.e. inch and mil) that 

had been used in the existing MIL standard [8]. Similarly, 

although no official standard for frequency bands and 

waveguide dimensions currently exists for frequencies above 

325 GHz, it was recognised that a significant amount of 

scientific work is already taking place at these higher 

frequencies. Much of this work has used the proposed 

                                                 
1 Following the International System of units (i.e. Système International 

d’unités, abbreviated to SI). 
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frequency bands given in [3] – see, for example, [10] and 

[11]. These waveguide bands use an extension of the WR 

naming convention given in the MIL standard [8], leading to 

waveguide names such as WR-2.8, WR-2.2, etc. However, 

the dimensions of these waveguide bands are defined in 

terms of Imperial units
2
 and so do not meet the agreed 

requirement that the IEEE standard will use dimensions 

defined in terms of metric units.  

At the third P1785 Working Group meeting (in Boston, 

MA, USA, in June 2009), a great deal of attention was given 

to the subject of defining the waveguide frequency bands and 

aperture sizes. This led to the setting up of a dedicated sub-

group, within the P1785 Working Group, tasked with 

recommending to the main P1785 Working Group potential 

schemes for defining waveguide frequency bands and 

aperture sizes. This sub-group
3
, with membership from the 

USA and Europe, communicated regularly using email and 

teleconferencing. Over a period of six months or so, the sub-

group developed a series of potential waveguide schemes that 

fitted, to a greater or lesser degree, some generally agreed 

design criteria. However, it also became clear that no unique 

waveguide scheme existed that perfectly met all the design 

criteria. The ten design criteria that were established during 

this process are described below. 

  

A. Frequency bands 

The frequency bands (i.e. the suggested lower and upper 

frequencies of each waveguide band) should: 

1. Be memorable (i.e. use whole numbers); 

2. Form two contiguous interleaved series (i.e. should 

not contain gaps or overlaps in the frequencies 

covered by each series); 

3. Be easily extendable from lower frequencies to higher 

frequencies (i.e. mapping from one decade to the 

next); 

4. Agree with the existing values for WR-10 to WR-03, 

as given in the MIL standard [8]. 

 

B. Waveguide dimensions 

It was soon agreed that a ratio of 2:1 would be used to 

describe the relationship between the waveguide aperture 

width and height (i.e. the ratio of the broad- to narrow-wall 

dimensions). Therefore, it was only necessary to define the 

waveguide broad-wall dimension (called the ‘width’, by 

convention). The waveguide widths should: 

5. Where appropriate, be effectively identical (within 

stated tolerances) to sizes WR-10 to WR-03, as given 

in the MIL standard [8]); 

6. Where appropriate, be very similar to sizes WR-2.8 to 

WR-1.0, as given in [3]; 

7. Avoid fractional micron values (i.e. x.y microns). 

 

                                                 
2 The number 2.8 in the name WR-2.8 refers to the defined broad-wall 

dimension of the waveguide, i.e. (2.8 ×10) mil = 28 mil. 

 
3 The members of the subgroup were Jeffrey Hesler, Anthony Kerr, 

Roger Pollard, Nick Ridler and Dylan Williams. 

C. Related quantities 

In addition to the above, the waveguide scheme should 

provide, for all bands: 

8. Relatively uniform fractional bandwidths; 

9. Approximately constant k-factors
4
 (where k1 ≈ 1.25 

and k2 ≈ 1.90); 

10. Similar ratios of cut-off frequencies (or, equivalently, 

waveguide widths) for adjacent bands. 

 

The subgroup developed a spreadsheet to assist in the 

development and evaluation of candidate waveguide 

schemes. The spreadsheet included plots of size deviations 

from current standards, worst-case reflection coefficients due 

to these size deviations, cutoff-frequency ratios, fractional 

bandwidths, and k-factors. This spreadsheet will soon be 

made available at: http://grouper.ieee.org/groups/1785. 

The spreadsheet and design criteria discussed above were 

used to establish a short-list of three candidate waveguide 

schemes
5
 that were presented subsequently to the P1785 

Working Group for discussion, followed by a vote. 

The first scheme was derived from [3]. It retained the 

familiar WR names and recommended operating bands 

currently being used, but used metric sizing. This scheme 

resulted in excellent compatibility with existing practice and 

retained familiar nomenclature and operating bands while 

providing a metric framework for dimensions. The 

disadvantages were seen to be an irregularity in the 

progression of the scheme, fractional numbers in the 

nomenclature and significant variations in the mismatch and 

k-factor spread. 

The second scheme was developed within the subgroup 

itself [12], and used the names WM n, where n was an 

integer or half integer denoting the waveguide size. This 

resulted in names of the form WM 0, WM 0.5, WM 1, 

WM 1.5, etc, keeping names short and making it easy to 

identify neighbouring bands. Sizes for WM 0 to WM 2.5 

were chosen from a table to correspond closely to existing 

standards, but above WM 2.5, the waveguide width, a, is 

determined by rounding 10
(-2n/11)

 × 2540 µm to three 

significant digits. This formula-based approach ensured a 

uniform and unlimited geometric progression of center 

frequencies with exceptionally uniform operating bandwidths 

to simplify the development of certain instrumentation and 

even allowed for the natural definition of quarter-band sizes 

when necessary, while keeping deviations from established 

bands below the measureable limits of today’s 

instrumentation and standards. However, the scheme did 

break from the convention of using the waveguide sizes 

themselves as names, changing the current nomenclature 

style by having numbers increasing with decreasing 

waveguide size, and adjusted recommended operating 

frequency bands somewhat from existing practice.  

                                                 
4 These k-factors are the multipliers used to establish the suggested 

minimum frequency, fmin, and maximum frequency, fmax, from the 

cutoff-frequency, fc, for each waveguide band: fmin = k1 × f0; fmax = k2 × f0. 

 
5 Two of these schemes were derived from [3] and [6], along with a third 

scheme proposed in [12]. 
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The provisional scheme eventually selected, following a 

discussion and vote by the P1785 Working Group, is shown 

in Table 1, where a and b refer to the width and height 

dimensions of the waveguides, respectively.  

TABLE I 

PROPOSED FREQUENCY BANDS AND WAVEGUIDE DIMENSIONS FOR THE IEEE 

STANDARD 

Name 
a 

(µm) 

b 

(µm) 

fc 

(GHz) 

fmin 

(GHz) 

fmax 

(GHz) 

WM-2540 2540 1270 59.014 75 110 

WM-2032 2032 1016 73.767 90 140 

WM-1651 1651 825.5 90.790 110 170 

WM-1295 1295 647.5 115.75 140 220 

WM-1092 1092 546 137.27 170 260 

WM-864 864 432 173.49 220 330 

WM-710 710 355 211.12 260 400 

WM-570 570 285 262.97 330 500 

WM-470 470 235 318.93 400 600 

WM-380 380 190 394.46 500 750 

WM-310 310 155 483.53 600 900 

WM-250 250 125 599.58 750 1100 

WM-200 200 100 749.48 900 1400 

WM-164 164 82 913.99 1100 1700 

WM-130 130 65 1153.0 1400 2200 

WM-106 106 53 1414.1 1700 2600 

WM-86 86 43 1743.0 2200 3300 

 

This scheme, which is based on [6], was produced as 

follows: 

(i) use the existing MIL series [8] as the basis; 

(ii) scale widths by dividing by 10; 

(iii) express the resulting widths using rounded metric 

units, i.e. microns. 

 

Minor adjustments have been made to the widths in three 

bands (but keeping the frequency bands the same) to make 

the ratios of cut-off frequency values between bands closer to 

the ideal value of 10
(1/11)

 ≈ 1.233 without appreciably 

increasing the mismatch when connected to the 

corresponding waveguides given in [3]. The scheme also 

uses a suggested upper frequency for the WM-864 band of 

330 GHz (rather than 325 GHz), and an associated suggested 

lower frequency of 330 GHz for the WM-570 band.  

In terms of meeting the above design criteria, the 

frequency bands: 

1. Are memorable, i.e. the suggested minimum and 

maximum frequencies are ten times the values for the 

MIL frequency bands [8] used for the decade below 

(with the exception that 325 GHz has been changed to 

330 GHz), thus giving full backward compatibility 

with existing waveguide bands;  

2. Link together as two contiguous, interleaved, series: 

(i) WM-710, WM-470, WM-310, etc; and, 

(ii) WM-570, WM-380, WM-250, etc; 

3. Are extendable to higher frequencies (i.e. smaller 

waveguide sizes) as follows: 

a. use the waveguide sizes that are unshaded in 

Table 1; 

b. divide mechanical dimensions by 10; 

c. multiple frequencies by 10; 

d. rename the waveguide accordingly. 

For example, the next two sizes in this series (derived 

from WM-710 and WM-570) are shown in Table 2; 

TABLE II 

EXTENDED FREQUENCY BANDS AND WAVEGUIDE DIMENSIONS FOR THE IEEE 

STANDARD 

Name 
a 

(µm) 

b 

(µm) 

fc 

(GHz) 

fmin 

(GHz) 

fmax 

(GHz) 

WM-71 71 35.5 2111.2 2600 4000 

WM-57 57 28.5 2629.7 3300 5000 

 

4. Are identical with the MIL standard bands [8] in the 

overlap region, shaded in Table 1, with the exception 

that 325 GHz has been changed to 330 GHz. 

 

Similarly, the waveguide dimensions (i.e. the widths):  

5. Are within 0.05% of MIL standard widths [8] in the 

overlap region, shaded in Table 1. This produces a 

worst-case mismatch (i.e. return loss) when 

connecting to the corresponding MIL standard bands 

[8] of -70 dB (not including mismatch due to 

waveguide tolerances); 

6. Are within 3% of the widths given in [3]. This 

produces a worst-case mismatch (i.e. return loss) 

when connecting to the corresponding bands in [3] of 

-35 dB (not including mismatch due to waveguide 

tolerances);  

7. Do not use fractional micron values (until the series 

has been extended to include WM-16.4, i.e. for the 

frequency range 11 THz to 17 THz!) 

  

Similarly, for the related quantities for all bands: 

8. Ratios of minimum to maximum frequency vary 

between 1.47 and 1.57, indicating that all bands have 

relatively uniform bandwidths; 

9. k-factor values are relatively constant, ranging from 

1.20 ≤ k1 ≤ 1.27 and 1.83 ≤ k2 ≤ 1.91; 

10. Ratios of cut-off frequencies for adjacent bands vary 

between 1.19 and 1.27 and so are considered similar. 

 

Finally, a new naming convention has been developed for 

these waveguide bands. Since the sizes are defined in terms 

of metric units, the letters WM are used to indicate that the 

size refers to Waveguide using Metric dimensions. These 

letters are followed by a number that indicates the size (in 

microns) of the waveguide broad wall dimension. Table 3 

gives a comparison between these new names and the names 

of related waveguides in the existing MIL standard [8]. 

Table 4 gives a comparison between the new names and the 

nearest waveguides given in [3] (i.e. the ‘extended MIL’ 

bands). 
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TABLE III 

COMPARISON BETWEEN NEW IEEE AND EXISTING MIL WAVEGUIDE NAMES 

MIL 

name 

New IEEE 

Name 

fmin 

(GHz) 

fmax 

(GHz) 

WR-10 WM-2540 75 110 

WR-08 WM-2032 90 140 

WR-06 WM-1651 110 170 

WR-05 WM-1295 140 220 

WR-04 WM-1092 170 260 

WR-03 WM-864 220 330 

TABLE IV 

COMPARISON BETWEEN NEW IEEE AND ‘EXTENDED MIL’ WAVEGUIDE 

NAMES 

‘Extended 

MIL’ name 

New IEEE  

Name 

fmin 

(GHz) 

fmax 

(GHz) 

WR-2.8 WM-710 260 400 

WR-2.2 WM-570 330 500 

WR-1.9 WM-470 400 600 

WR-1.5 WM-380 500 750 

WR-1.2 WM-310 600 900 

WR-1.0 WM-250 750 1100 

 

This naming convention can easily accommodate 

‘specialized’ (i.e. custom made) waveguide bands, should 

they be needed, simply by giving the WM letters followed by 

the broad wall dimension of the custom made waveguide, 

expressed in microns. 

III. FUTURE ACTIVITIES 

A. Other waveguide size information 

Having chosen a scheme for defining the frequency bands 

and the waveguide dimensions, this information will be 

contained in a table in Part 1 of the IEEE standard. It is 

envisaged that this table will also contain some additional 

information about each waveguide size. For example, it will 

be useful to specify tolerances on the critical mechanical 

dimensions of the waveguide. It has already been discussed 

within the P1785 Working Group that perhaps two ‘grades’ 

of waveguide quality may be given, based on the specified 

tolerances of the critical dimensions – a ‘precision’ grade, 

based on the best achievable tolerances using state-of-the-art 

manufacturing techniques, and a ‘general’ grade, that will be 

realisable using more routine manufacturing techniques. 

Other specification parameters for the waveguides are 

also likely to be given – for example, typical attenuation per 

unit length, typical mismatch due to waveguide 

tolerances, etc.  

 

B. Waveguide interfaces 

The other main topic that will be covered by this IEEE 

standard is the definition of suitable interfaces for 

waveguides used above 110 GHz. It is widely recognised that 

the popular waveguide interfaces used at millimetre-wave 

frequencies up to 110 GHz (for example, 

MIL-DTL-3922/67D [13], also known as UG-387) will not 

be suitable for use at these higher frequencies. This is 

because waveguide misalignment, due to tolerances on the 

critical dimensions of the interfaces, will cause unacceptably 

large reflections in these smaller waveguide sizes when fitted 

with such interfaces. 

Instead, the suitability of alternative interface designs will 

be investigated for use with the waveguide sizes specified in 

the IEEE standard. There are already several interface 

designs that could be included in the standard. These include: 

1. A precision version of UG-387, with tighter 

tolerances and anti-cocking mechanisms [3]. This 

could also include additional alignment pins directly 

above and below the waveguide aperture [1]; 

2. A miniature flange (the so-called Grammer miniature 

flange) [3] that has been developed by NRAO for use 

with the ALMA project
6
;  

3. A ‘plug-and-socket’ style of interface [4]; 

4. A ring-centered flange (see [5] and [7]), of similar 

dimensions to the UG-387 flange (i.e. with an outer 

diameter of approximately 19 mm); 

5. A miniature ring-centered flange [5], of similar 

dimensions to the Grammer miniature flange 

(i.e. with an outer diameter of approximately 

12.7 mm). 

 

It is likely that several different types of waveguide 

interface will be included in the standard so that users can 

select a suitable design for their particular application 

(including frequency range). 

IV. CONCLUSIONS 

This paper has described an on-going activity to develop 

an international standard for waveguides and their interfaces 

for use at frequencies of 110 GHz and above. The work to 

date on defining the frequency bands and waveguide 

dimensions has been described in detail. It is hoped that 

potential users of these waveguides will study these proposed 

frequency bands and waveguide sizes and comment on their 

suitability for their applications.  

The plans for the future development of the standard have 

also been described. This has included a description of some 

waveguide interfaces that may be included in the standard. 

As before, it is hoped that potential users of these interfaces 

will study these proposed designs and comment on their 

suitability. Any such comments, either on frequency bands, 

waveguide sizes or waveguide interfaces, should be sent to: 

nick.ridler@ieee.org. Comments concerning the proposed 

frequency bands and waveguide sizes should be sent before 

May 2010, since this is when the P1785 Working Group will 

make a decision on whether to accept these proposed 

frequency bands and waveguide sizes. 
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Abstract— A series of waveguide couplers using a novel 

configuration have been designed and measured from WR-5.1 

(140-220 GHz) to WR-1.5 (500-750 GHz). The coupling is 

achieved using a microstrip quarter-wave coupled line, allowing 

for coupling factors from 7 dB to 11 dB and directivity of better 

than 20 dB. The coupling circuits consist of a quartz circuit 

micromachined into an “H” shape to transition from microstrip 

to waveguide. Measurement of the couplers showed good 

agreement between the simulations and experiment. The 

measured insertion loss ranges from 2 dB at WR-5.1 to 5 dB at 

WR-1.5. 

I. INTRODUCTION 

Waveguide directional couplers are an essential piece of 

test equipment at microwave and mm-wave frequencies, and 

a variety of coupler designs are available up to about WR-10 

(75-110 GHz). Above WR-10 there are fewer options, in part 

because scaling designs to the THz region can be 

challenging. Several  groups have reported coupler designs 

extending into the THz region, using either traditional 

machining or lithographic micro-machining techniques [1]–

[4]. The fabrication of these THz couplers is quite 

challenging, which has tended to limit the widespread use of 

these elements.  

This article describes a novel waveguide coupler that uses 

a microstrip quarter-wave coupled line coupler connected to 

waveguide using microstrip-to-waveguide probes. The design 

has low loss, wide bandwidth, flat coupling factor, compact 

size, and moderate directivity. Because of its compact size 

and the use of an E-plane split, the coupler can be integrated 

with other E-plane split components. The coupling factor is 

determined by the circuit design, with no change in the block 

design required. The basic design can be scaled to above 1 

THz using conventional machining techniques. 

II. COUPLER DESIGN AND FABRICATION 

The coupling is accomplished using microstrip quarter-

wave coupled lines, as shown in Fig. 1(a). Using this design, 

a flat coupling factor can be achieved over a full waveguide 

bandwidth. In order to couple the microstrip into waveguide, 

the lines are bent and separated into 4 separate microstrip 

channels, as shown in Fig. 1(b). Microstrip loss at THz is 

significantly higher than waveguide loss, and so it is desired 

to launch into waveguide as soon as possible. The microstrip 

is transitioned to waveguide using a conventional E-plane 

waveguide-to-microstrip probe.  The bends and transitions 

were found to have little effect on the performance of the 

coupler, which is shown in Fig. 1(c). The coupling is flat to 

within 0.5 dB over the full waveguide band, and the 

directivity is predicted to be 20 dB or better.  

The coupler circuit needs to be H-shaped, and so it cannot 

be diced using a standard dicing-saw. To form the circuits 

into the correct shape, an ICP-RIE micromachining process 

was used to etch the quartz. Fig. 2(a) and 2(b) show close-

ups of the circuits during and after the fabrication process. 

This circuit is then mounted into an E-plane split machined 

block, and is then ready for testing, as shown in Fig. 2(c).  

 

III. MEASUREMENT OF A WR-2.2 COUPLER 

 
(a)                                                    (b) 

 
                                                        (c) 

Fig. 1.  (a) Schematic of the microstrip quarter-wave coupled line, (b) 

Schematic showing the separation of the 4 microstrip lines into separate 

channels, and (c) HFSS simulation of the coupler performance. 
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Initial testing of the couplers has been performed using a 

THz source and a calorimeter, using a substitution method to 

normalize the source & calorimeter responses. The measured 

performance of a WR-2.2 coupler (330-500 GHz) is shown in 

Fig. 3. The WR-2.2 coupler was an early prototype, and had 

excess waveguide length, and thus its insertion loss was 

about 4 dB. Reducing the length is predicted to allow a 

reduction in insertion loss to less than 3 dB. A WR-3.4 (220-

330 GHz) coupler was designed that has a more optimum 

waveguide length, and for a coupling factor of 8.5 dB the 

insertion loss was 2.5 dB, consisting of 1 dB of 

waveguide/circuit loss and 1.5 dB of input power coupled to 

Port 3. The length of waveguide inside the block is ~23 mm, 

and assuming a waveguide loss of .025 dB/mm yields a 

conductor loss of 0.6 dB, leaving 0.4 dB loss for the coupler 

itself.  

Measurements of the directivity were difficult given the 

limited dynamic range of the test system, but indicated a 

value in the range 20 dB where sufficient test power was 

available. Additional testing using a heterodyne VNA 

extender system is underway, and is expected to allow full 

measurement of the coupler directivity even for the highest 

frequency coupler. 

 

 

IV. CONCLUSIONS 

A series of manufacturable THz waveguide couplers have 

been designed, and have exhibited very flat coupling factor 

and low insertion loss over a full waveguide band. These 

couplers are now being used routinely for measurements at 

VDI.  

Regarding future work, the directivity of these couplers 

can possibly be improved by using a “wiggly-line” coupler 

[5] to help balance the even and odd mode phase velocities. 

Also, there are a wide variety of microstrip couplers, splitter, 

and hybrid designs that can be placed in the same basic 

housing, and so this basic technology can have wide 

applications in THz test and measurement. 
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(b)                                                (b) 

 
                                                   (c) 

Fig. 2.  (a) Photograph of the circuit during fabrication, with the metal etch 

mask still on the circuit, (b) the coupler section of a completed H-circuit, and 

(c) the H-circuit mounted into an E-plane split block.  

  

 
Fig. 3.  Measured performance for six WR-2.2 (330-500 GHz) couplers, two 

each of 5 dB, 8 dB, and 11 dB designs. The divisional ratio is the ratio of 

power measured at Port 2 and Port 3 of the coupler when power is input into 

Port 1. The coupling factor is equal to the divisional ratio plus the coupler 

insertion loss.  
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Abstract—Frequency selective surfaces (FSS) have been studied 

for many years and widely used in different fields ranging from 

microwave engineering to optical system. Recently, Active 

Freuqency Selective Surfaces (AFSS) having tunable or 

reconfigurable frequency response received more and more 

attention. In this study, a new means of active FSS is reported. 

By printing the unit elements of FSS on an organic 

semiconductor, the optically controlled frequency response is 

achieved. The transmission performance of FSS under optical 

illumination and non-illumination is simulated and compared, 

the simulated tunable range is 12GHz. The tunable 

performances of FSS under different illumination densities were 

also investigated and consecutive transmission performance 

movement is achieved. Finally, the photo lithography 

fabrication procedure is mentioned.  

I. INTRODUCTION 

Frequency Selective Surfaces (FSS) are well known for 

their filtering characteristics at microwave, millimetre wave 

and infrared frequency. In the earth observation application, 

in order to reduce mass and volume, multichannel 

instruments generally employ a single reflector antenna, and 

Frequency Selective Surfaces are used as dichroic mirrors to 

separate or combine beams at different frequencies. 

There are two basic types of FSSs: dipole and slot arrays 

[1]. The dipole FSSs are composed of multilayered arrays of 

metal patches of arbitrary shape (typically dipoles, rings and 

crosses) embedded in a stratified dielectric medium. The 

dipole FSSs usually exhibit band-stop performance. The slots 

FSSs are composed of single or multiple thick metal screens 

perforated periodically with arbitrary shape holes (typically 

squares, circles and crosses). The slots FSSs are mostly used 

as band-pass filters. The dipole and slot arrays with elements 

of identical shape are defined as complementary arrays.  

Key features in the performance of the Frequency 

Selective Surfaces include low insertion loss for the 

transmission and reflection bands, wide operating bandwidth, 

high cross-polar discrimination (XPD) and so on. These 

transmission and reflection characteristics depend on the 

shape and size of the patches or apertures, on the lattice 

geometry and element periodicity, and on the electrical 

properties of the substrate material. 

Many numerical methods have been used to analyse FSS, 

such as equivalent circuit model method and modal method. 

Each method has its own merits and drawbacks. Among 

these numerical techniques, the Periodic Method of Moments 

(PMM) is one of the most popular methods for analysing 

planar, multi-layered periodic structure [2]. In this paper, the 

electrical performance of the Frequency Selective Surfaces 

have been analysed by using a frequency selective surface 

analysis tool based on PMM theory. This frequency selective 

surfaces analysis tool can analyse the dipole and slot arrays 

with arbitrary element shape.  

In the paper, we demonstrate the feasibility of a new active 

control strategy which exploits variable dielectric property of 

organic semiconductor under the optical illumination. This 

paper is organised as follows. Section 2 introduces the 

passive FSS and active FSS, and describes the related works 

on active FSS. Section 3 presents the organic semiconductor 

and demonstrates the operating theory of active FSS on 

organic semiconductor. Section 4 shows the design and 

analysis results of the optical controlled FSS on organic 

semiconductor. Section 5 presents the fabrication procedures. 

Section 6 concludes the study. 

II. PASSIVE FSS AND ACTIVE FSS 

In most FSS applications, the geometry and material 

parameters are designed to produce a static frequency 

response, these FSS are passive FSS. However, for a variety 

of applications, it would be more attractive to have an 

electronically controllable property for the selection of 

frequency as well as FSS reflection and transmission 

characteristics, these FSS are active FSS or tunable FSS. 

A. Passive FSS 

For the most part of the applications using these FSS 

structures require only passive printed conductors on a 

dielectric substrate or metal screen with holes. In these cases, 

no possibility exists to change the frequency or polarisation 

characteristics of the FSS once designed and manufactured. 

Two passive FSS are shown in the Fig. 1 and Fig. 2, 

respectively. Fig. 1 is a two-layer slot type FSS [3], it is 

designed to transmit at 54GHz and reflect at 89GHz, the 

element is rectangular slot. Six plastic rings were used to 

adjust the separation between the two layers of FSS. This 

FSS has wide transmission band and -1dB insertion loss at 

54GHz. Fig. 2 is a single copper plate FSS [4]. It is designed 

to transmit at 89GHz and reflect at 54GHz. This copper plate 

is perforated with circular holes on an equilateral triangular 

lattice. -0.27dB measured insertion loss is achieved at 

89GHz. 
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Fig. 1 Photo of 54GHz two-layer FSS  

 
Fig. 1 Photo of 89 GHz single-layer FSS 

B. Active FSS 

The frequency properties of active FSSs can be varied 

with time. For example, at a particular time the FSS could be 

switched from a reflecting to a totally transparent structure or 

alternatively the transmission performance or reflection 

performance could be varied with time. Many research 

efforts have been paid to investigate to active and tunable 

FSS. T. K. Chang et al. have proposed an active FSS 

incorporating switched PIN diodes [5]. The PIN diodes 

placed in a square loop element could be used to switch the 

basic geometry of the elements and fundamentally change the 

frequency characteristics. However, there are very high 

biased currents due to the PIN diodes. 

T. K. Chang et al. have reported the results obtained for 

frequency selective surfaces printed on ferrite substrates 

which are biased with a DC magnetic field [6]. Biasing the 

substrate changes its permeability, which in turn changes the 

frequency characteristics of the FSS so that the resonance 

frequency may be continuously varied or the surface 

switched from reflection to transmission. However, the 

dielectric loss of the ferrite substrates is very high. 

W. Hu et al. have proposed a frequency selective surface 

which exploits the dielectric anisotropy of liquid crystals to 

generate an electronically tunable bandpass filter response at 

D Band (110–170 GHz) [7]. The device consists of two 

printed arrays of slot elements which are separated by a 130- 

m thick layer of liquid crystals. A 3% shift in the filter 

passband occurs when the substrate permittivity is increased 

by applying a control signal of 10 V. However, it needs 

special structure to seal the liquid crystal.  

Bernhard. Schoenlinner et al. have proposed a switchable 

low-loss RF MEMS ka-band FSS [8]. In this paper, a 

switchable frequency-selective surface was developed at 30 

GHz using RF micro-electro-mechanical systems (MEMS) 

switches on a 500-!m-thick glass substrate. However, the 

complicate structures make the fabrication difficult. 

III. ORGANIC SEMICONDUCTOR 

Organic semiconductors are any organic material that has 

semiconductor properties [9]. Organic semiconductor 

polymers have been the focus of many studies because they 

have shown many advantages, such as easy fabrication, 

mechanical flexibility and tunable optical properties. 

In recent years, the potential application of poly(3-

hexylthiophene) (P3HT) in polymer electronics and 

optoelectronic applications has gained significant attention 

[10]. The reason is that its relatively high drift mobility and 

optical absorption properties. An important characteristic of 

P3HT is its small band gap. It has been reported to be 

approximately 1.9 eV, and its corresponding absorption in 

the visible peaks between 450 and 600 nm. It is thus possible 

to photogenerate charges within the dielectric, and these 

charges are able to move reasonably rapidly. 

The optically controlled frequency response can be 

achieved by printing the unit elements of FSS on an organic 

semiconductor, as shown in Fig. 3. When the organic 

substrate is being illuminated by the light source whose 

photon energy is greater than the band gap energy of the 

semiconductor material, an electron-hole plasma region will 

be induced. This leads to the permittivity different from that 

of the non-illuminated region. As a result, the dielectric 

property of organic material will be changed through these 

activated regions, and then the transmission and reflection 

performance of the FSS on top of the organic material will be 

changed. So the performance of FSS can be controlled by the 

intensity of the optical illumination. 

 
Fig. 2  Optical controlled FSS employing organic semiconductor  
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IV. DESIGN AND ANALYSIS RESULTS 

In this paper, the tunable performance of 54GHz slot type 

FSS on P3HT polymer was studied. The geometry and 

dimensions of rectangular element of FSS is shown in Fig. 4. 

The unit is millimetre. 

 
Fig. 4  Geometry of rectangular element 

 

A. Tunable responses between optical illumination and non-
illumination 

The illuminated P3HT polymer will have a complex 

permittivity different from that of nonilluminated material. 

So the tunable response of FSS can be achieved by switching 

from optical illumination to non-illumination. In this study, 

we investigate the tunable performance of two-layer FSS 

with P3HT polymer. The accurate permittivity of P3HT 

under illumination is difficult to calculate, so we just use the 

empirical value: 3.17,r! " tan 0.02,# "

.12,

for non-

illumination; 2.r! " 72, tan 0# "  for illumination. Fig. 5 

shows the comparison of transmission performance between 

illumination and non-illumination.  The simulation was 

performed by PMM method with the inclusion of dielectric 

loss. From the results, we can see the transmission 

performance is changed obviously due to the optical 

illumination. The tunable range is 12GHz and the peak 

insertion loss is increased from 0dB to -4.77dB due to the 

mismatch when the FSS under illumination.  

 

 
Fig. 5 Comparison of transmission performance between illumination and 

non-illumination 

 

B. Tunable responses by different  intensity of optical 

illumination 

In fact, the permittivity property of P3HT is varied under 

the different density of optical illumination. At microwave 

frequency the permittivity varies between 2.2 and 3.2. In this 

study, the tunable performances of single layer FSS under 

different illumination density were investigated. The 

simulated results without the inclusion of dielectric loss are 

shown in the Fig. 6. It can be seen from the results that a 

consecutive transmission performance movement is achieved 

under the different density of optical illumination.  

 
Fig. 6 Tunable transmission performance by different intensity of optical 

illumination 

V. FABRICATION 

The active FSS was fabricated by photo lithography 

technology. Photo lithography is a process used in micro 

fabrication to selectively remove parts of a thin film or the 

bulk of a substrate. It uses light to transfer a geometric 

pattern from a photo mask to a light-sensitive chemical photo 

resist, or simply "resist," on the substrate. 

The main stages of photo lithography fabrication are 

shown in the Fig.7. 

1)  A 150 nm thick aluminium layer was deposited over the 

glass substrate in the evaporation chamber. 

2)  The photo-resist solution (light-sensitive chemical) was  

spin coated on the aluminium covered substrate, the photo-

resist solution is S1818. There are two types of photo-resist: 

positive and negative. For positive resists, the resist exposed 

with UV light is to be removed. Negative resists behave in 

just the opposite manner, that remains on the surface 

wherever it is exposed, and the developer solution removes 

only the unexposed portions. Here, we use positive photo-

resist. 

3)  After heated in the oven, the substrate was exposed to UV 

lights with photo mask in between.  The exposed part of 

photo-resist is etched. 

4)  The aluminium pattern was developed by developer 

solution (25% NAOH, 75% distilled water). 

5)  The remaining photo-resist was removed by developer 

solution. 
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 Step 1: 

 

 

Step 2: 

 

Fig. 8 Depth profiles of aluminium 

VI. CONCLUSIONS 

In this study, the feasibility of a new active control 

strategy which exploits variable dielectric property of organic 

semiconductor under the optical illumination is investigated. 

The optically controlled frequency response is achieved 

through simulation. The transmission performance of FSS 

under optical illumination and non-illumination is simulated 

and compared, the simulated tunable range is 12GHz. The 

tunable performances of FSS under different illumination 

density were also investigated and consecutive transmission 

performance movement is achieved. The active FSS was 

fabricated by photo lithography technology. Profilometer was 

used to check the depth-profile of the aluminium and the 

thickness is varied between 1400A to 1500A. 
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Abstract— In this paper we present the construction and test 

results of several parts (horn, orthomode transducer, RF 

amplifier, and waveguide filter) towards the fabrication of a 

prototype heterodyne receiver for Band 1 of ALMA (31-45 

GHz). 

I. INTRODUCTION 

The Atacama Large Millimeter Array (ALMA) is the 

largest millimeter array ever constructed. Every one of its 

constituent antennas will cover the spectroscopic window 

allowed by the atmospheric transmission at the construction 

site with ten different bands. Despite being declared as a high 

scientific priority, Band 1 (31- 45 GHz) was not selected for 

construction during the initial phase of the project.  

Universidad de Chile has started a program for the 

construction of a prototype receiver for Band 1 of ALMA. 

The overall design has been presented elsewhere [1]. Here 

we present the construction and testing results of several of 

its parts. 

II. LAYOUT OF THE RECEIVER 

For the sake of completeness we reproduce in Fig. 1 the 

basic layout of the receiver we plan to construct [1].  The 

incoming RF signal is coupled with the horn via a lens (Sec. 

III-A). The signal is then divided in its polarization 

components in an orthomode transducer (Sec. III-B). Each 

polarization signal is amplified in two consecutive high 

electron-mobility transistors (HEMT) cooled at 20 K (Sec. 

III-C). Finally, the amplified signals are filtered to suppress 

the lower sideband (Sec. III-D) and mixed in separate 

Schottky diodes. 

 
Fig. 1   Layout of the RF components of the receiver proposed for Band 1 of 

ALMA.  All these components will be inside the cryostat and mounted in the 

so-called cold-cartridge assembly. 

III. CONSTRUCTION AND RESULTS 

A. Corrugated Horn 

The details of the optical system design (lens-horn) are 

presented in an accompanying paper [2]. We have 

constructed an optimized spline-profile corrugated horn in 

the split-block technique (Fig. 2). Simulations indicate that it 

has similar performance to a normal corrugated horn but has 

the advantage of being almost half its size. For its 

characterization we are building a beam-pattern measurement 

set up. 

 

 

Fig. 2  One half of the optimized spline-profile corrugated horn constructed 

as a split-block.  

B. Orthomode Transducer 

We have scaled the orthomode transducer (OMT) 

introduced by Asayama for Band 4 of ALMA [4]. It has been 

constructed as a split-block made out of three parts (Fig. 3). 

Its performance is excellent as demonstrated in Fig. 4. 

 

 
Fig. 3   Orthomode transducer constructed in the split-block technique. 

366



 

30 32 34 36 38 40 42 44 46
-30

-25

-20

-15

-10

-5

0

 Transmission V

 Transmission H

 Reflection V

 Reflection H

 

S
 p

ar
am

et
er

s 
(d

B
)

f (GHz)  

Fig. 4   S-parameters of the orthomode transducer. 

C. RF amplifier 

For amplification we will use chips based on high electron 

mobility transistors. In a first attempt to test our packaging 

capabilities, we have integrated commercial amplifiers [3] 

into a split block (Fig. 5). As demonstrated in Fig. 6 the 

results are excellent and in accordance with the original 

specifications of the commercial chips. 

 

 

Fig. 5   Commercial chip packed in a split block. 

 

 

Fig. 6   Gain of the packaged amplifier. 

D. Filter for Lower-Sideband Suppression 

An important part in the system we are proposing is a filter 

that suppresses the lower sideband. We designed and 

constructed a waveguide-base filter as shown in Fig. 7. The 

results presented in Fig. 8 are in excellent agreement with the 

simulations. 

 

Fig. 7   Filter for lower band suppression. 

 

Fig. 8   S-parameters of the filter. 

IV. CONCLUSIONS AND FUTURE WORK 

We are currently working on fabricating and testing 

several parts of a heterodyne receiver for Band 1 of ALMA. 

So far, they show excellent response in accordance with the 

simulations. Our next step is to start with the integration of 

the receiver. 
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Abstract— We report on laboratory testing and telescope 
integration of SuperCam, a 64 pixel imaging spectrometer 
designed for operation in the astrophysically important 870 
micron atmospheric window. SuperCam will be used to answer 
fundamental questions about the physics and chemistry of 
molecular clouds in the Galaxy and their direct relation to star 
and planet formation. The Supercam key project is a fully 
sampled Galactic plane survey covering over 500 square degrees 
of the Galaxy in 12CO(3-2) and 13CO(3-2) with 0.3 km/s velocity 
resolution. 
 
SuperCam will have several times more pixels than any existing 
spectroscopic imaging array at submillimeter wavelengths. The 
exceptional mapping speed that will result, combined with the 
efficiency and angular resolution provided by the HHT will 
make SuperCam a powerful instrument for probing the history 
of star formation in our Galaxy and nearby galaxies. SuperCam 
will be used to answer fundamental questions about the physics 
and chemistry of molecular clouds in the Galaxy and their 
direct relation to star and planet formation. Through Galactic 
surveys, particularly in CO and its isotopomers, the impact of 
Galactic environment on these phenomena will be realized. 
These studies will serve as “finder charts” for future focused 
research (e.g. with ALMA) and markedly improve the 
interpretation, and enhance the value of numerous 
contemporary surveys. 
 
In the past, all heterodyne focal plane arrays have been 
constructed using discrete mixers, arrayed in the focal plane. 
SuperCam reduces cryogenic and mechanical complexity by 
integrating multiple mixers and amplifiers into a single array 
module with a single set of DC and IF connectors. These 
modules are housed in a closed-cycle cryostat with a 1.5W 
capacity 4K cooler. The Supercam instrument is currently 
undergoing laboratory testing with four of the eight mixer array 
modules installed in the cryostat (32 pixels). Work is now 
underway to perform the necessary modifications at the 10m 
Heinrich Hertz Telescope to accept the Supercam system. 
Supercam will be installed in the cassegrain cabin of the HHT, 
including the optical system, IF processing, spectrometers and 
control electronics. Supercam will be integrated with the HHT 
during the 2009-2010 observing season with 32 pixels installed. 

The system will be upgraded to 64 pixels during the summer of 
2010 after assembly of the four additional mixer modules is 
completed. 

I. SUPERCAM INSTRUMENT DESCRIPTION 

A. Instrument Design 
The enormous complexity of even a small discrete 

heterodyne array suggests a more integrated approach is 
needed for larger systems [1]. At the heart of SuperCam are 8 
pixel, linear integrated arrays of low-noise mixers. Each 
mixer array contains low-noise, MMIC IF amplifier modules 
with integrated bias tees. Eight of these mixer modules are 
then stacked to produce the final 64 pixel array.  

 

 
Figure 1: The SuperCam cryostat, LO optics and support electronics. 

B. Cryogenics 
The SuperCam systen with attached LO optics, frontend 

support electronics and backend electronics is shown in 
Figure 1. The cryostat was constructed by Universal 
Cryogenics in Tucson, Arizona, USA. Light from the 
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telescope enters the cryostat through a 150 mm diameter AR 
coated, crystalline quartz vacuum window and passes 
through a Teflon coated crystalline quartz IR filter on the 40 
K radiation shield before illuminating the 4 K mixer array. 
The Teflon layers on this filter serve as both the IR blocking 
filter and the antireflection coating. SuperCam uses a 
Sumitomo SRDK-415D cryocooler. The cooler has 1.5 W of 
thermal capacity at 4.2 K and 45W at 40K with orientation-
independent operation. The operating temperature of the 
cryocooler is stabilized by the addition of a helium gas pot on 
the 2nd stage. A CTI cryogenics CTI-350 coldhead 
supplements the cooling of the 40K shield, and provides 12K 
heatsinking for the 64 stainless steel semi-rigid IF cables. 
The addition of this second coldhead permits the use of 
moderate lengths of standard coaxial cable while maintaining 
low heat load at 4K. Annealed and gold plated copper straps 
with a flex link connect the 4K cold tip to the cold plate, with 
less than a 0.2K temperature differential. Tests using heaters 
on the 4K cold plate, and system tests using prototype 1x8 
mixer modules demonstrate adequate performance of the 
cryogenic system with the expected heat load from all 64 
pixels.  

 

 
Figure 2: A completed Supercam 1x8 mixer module, fully assembled (top) 
and with the top cover removed (bottom). 

C. Mixer Array 
The SuperCam 64 beam focal plane is constructed from 

eight linear array modules with eight pixels each. Each pixel 
consists of a sensitive, single ended SIS mixer optimized for 
operation from 320-380 GHz. The array mixers utilize SIS 
devices fabricated on Silicon-On-Insulator (SOI) substrates, 
with beam lead supports and electrical contacts. The 
waveguide probe and SIS junction are based on an 
asymmetric probe design currently in use at the Caltech 
Submillimeter Observatory in their new facility 350 GHz 
receiver. The 1x8 mixer subarrays are constructed from 
tellurium copper using the splitblock technique. Stainless 
steel guide pins and screws are used to ensure proper 
alignment and good contact between parts. Figure 2 shows a 
photograph of a production gold plated tellurium copper 1x8 
mixer array fabricated at the University of Arizona. This 
block meets all design specifications, with 3 µm dimensional 
accuracy for all waveguide circuits. A diagonal feedhorn 
extension block is bolted to the front of the mixer array 
assembly, extending the diagonal horns to 11mm aperture 
size. This eliminates the need for dielectric lenses and their 

associated manufacturing and alignment difficulties. The 
energy in the horn passes through a 90° waveguide bend 
before reaching the device. The waveguide environment is 
designed around full height rectangular waveguide, with a 
fixed quarter wave backshort. The SIS device is suspended 
and self-aligned above the stripline channel via eight small 
beamlead supports. The hot beamleads are tack-bonded with 
a wirebonder to the MMIC module input pads. Ground 
beamleads are glued to the mixer block using Epo-tek H20E 
conductive epoxy. The mounting method is designed such 
that the block can be opened repeatedly without disturbing 
the SIS devices. Single devices can be removed and replaced 
without disturbing neighboring devices. The mixer blocks 
were fabricated at the University of Arizona using a Kern 
MMP micromilling machine purchased for this project. This 
numerically controlled mill can fabricate structures to micron 
accuracy with a high level of automation. A SuperCam 1x8 
module can be produced in ~8 hours of machine run time. All 
mixer blocks have been machined and gold plated. To date 4 
modules (32 pixels) have been assembled and tested.  

 

          

 
Figure 3: SuperCam 64-way waveguide LO power divider (top) and 
measured power pattern from this divider (bottom). Amplitude scale is 
linear. Power is evenly divided to the +/- ~10% level. Some asymmetrical 
barrel distortion is evident, due to optical misalignment in the test setup. 

D. Local Oscillator 
With an array receiver, LO power must be efficiently 

distributed among pixels. Depending on the mechanical and 
optical constraints of the array, a balanced distribution can be 
achieved using quasioptical techniques or waveguide 
injection. With the quasioptical approach, dielectric beam 
splitters or holographic phase gratings are used to divide the 
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LO energy between array pixels. We have chosen to use a 
hybrid waveguide/quasioptical LO power injection scheme. 
The LO power for the array will be provided by a single 
solid-state, synthesizer-driven source from Virginia Diode 
Inc. The active multiplier chain consists of a high power 
solid-state amplifier followed by a series of tunerless, 
broadband multipliers. The output of the chain is coupled to 
an eight-way waveguide corporate power divider with 
splitblock machineable waveguide twists. Each of the eight 
outputs provides the drive power for a 1x8 subarray via an 
identical 8 way corporate divider with diagonal waveguide 
feedhorn outputs. Figure 3 shows the complete 64-way 
power divider constructed with the Kern micromilling 
machine at the University of Arizona. The power pattern of 
this divider and its injection optics is also shown in Figure 3. 
Power division is equal to the ~10% level.  
 

 

 
Figure 4: A SuperCam MMIC amplifier module (top), and typical measured 
results at 13K bath temperature (bottom) for several bias points. Amplifier 
noise remains low for bias powers as low as 6 mW. Gain remains above 30 
dB. 

E. IF/Bias Distribution System 
The IF outputs from the SIS devices are bonded directly to 

the input matching networks of low-noise, InP MMIC 
amplifier modules located in the array mixers. These 
amplifier modules have been designed and fabricated by 
Sander Weinreb's group at Caltech. The IF center frequency 
of the array is 5 GHz. The MMIC chip is contained in an 
11mm x 11mm amplifier module that contains integrated bias 
tees for the SIS device and the amplifier chip. The module 
achieves noise temperature of ~5 K and delivers 32 dB of 
gain while consuming only 8 mW of power. An example is 
shown in Figure 4, with measured gain and noise data at 4 
mW through 20 mW power dissipation. Noise remains 
virtually unchanged down to 6 mW power dissipation, while 
gain is reduced modestly (Figure 4). Several tests have been 
performed with these modules to ensure oscillation free 

operation, low noise, high stability, and no heating effects on 
the SIS device. Modules have been integrated into both 
single pixel and 1x8 array mixers, and have shown 
performance as good or better than expected with 
connectorized amplifiers. No heating effects are visible, 
although care must be taken to avoid oscillation due to 
feedback.  

In addition to the LNA modules, the Caltech group has 
designed and constructed a warm IF system for SuperCam 
that will condition the IF signal for use with the SuperCam 
Array Spectrometer (Figure 5). This IF system consists of a 
single large microwave printed circuit board with 8 channels 
of signal conditioning mounted in a modular chassis. The 
module contains a 5 GHz gain stage, switchable filters for 
both 250 MHz and 500 MHz bandwidth modes, baseband 
downconversion and baseband amplification. 

 

  
Figure 5: The inside of a SuperCam IF processor. This module provides 
amplification, programmable attenuation, passband filtering and total power 
detection for 8 channels. 

F. Array Spectrometer & Interfaces 
The SuperCam spectrometer delivers 64 channels at 250 

MHz/channel with 250 kHz resolution, or 32 channels at 500 
MHz with 250 kHz resolution. The system will be capable of 
resolving lines in all but the coldest clouds, while fully 
encompassing the Galactic rotation curve. The system is 
easily extendible to deliver 64, 500 MHz bandwidth channels 
or 32, 1 GHz bandwidth channels. This leap in spectrometer 
ability is driven by the rapid expansion in the capabilities of 
high speed Analog to Digital Converters (ADCs) and Field 
Programmable Gate Arrays (FPGAs). The SuperCam 
spectrometer, built by Omnisys AB of Sweden, is based on a 
polyphase filterbank architecture. High speed ADCs digitize 
the incoming RF signal at 8 bits resolution, preventing any 
significant data loss as with autocorrelation based schemes. 
A polyphase filterbank spectrometer is implemented on a 
FPGA. In our board architecture, 4 ADCs feed a single 
Xilinx Virtex 4 FPGA on each spectrometer board. Each 
board can process 4, 500 MHz IF bandwidth signals or two 1 
GHz IF bandwidth signals at 250 kHz resolution. These 
systems are fully reconfigurable by loading new firmware 
into the FPGAs. In addition, the spectrometer can be easily 
expanded to increase bandwidth. We have received an 8 
board system capable of processing 64x250 MHz, 32x500 
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MHz or 16x1GHz IF signals (Figure 6 bottom). In the 
64x250 MHz mode, we power combine two IF signals into 
one spectrometer input. Stability testing shows the 
spectrometer is capable of delivering a spectroscopic Allan 
time of ~650s, including the effects of the IF processor 
described above (Figure 6 top).  

 

 

 
Figure 6: Measured Allan variance of the Supercam spectrometer system, 
including the Caltech IF processor. Allen time is 650s (top).  The Supercam 
spectrometer system, built by Omnisys AB (bottom). This single 3U crate 
can process 16 GHz of IF bandwidth at 250 kHz spatial resolution. It 
consumes less than 200W of AC power. 

 

 
Figure 7: Schematic of the streamlined interface between Supercam and the 
HHT: only power, cryogenic lines, digital control signals, and ethernet are 
needed. 

 

The electrical and mechanical interfaces between the HHT 
and Supercam have been streamlined to the most necessary 
and simple interfaces possible (Figure 7). 

 
   

               
Figure 8: The SuperCam optical design viewed from behind the primary 
reflector, (top), and viewed from the top (bottom). The apex room is 
transparent to visualize the design. The beam bundles are displayed in red.  

G. Optics 
The existing secondary mirror of the Heinrich Hertz 

Telescope provides an f/13.8 beam at the Nasmyth focus. 
The clear aperture available through the elevation bearing 
prevents the possibility of a large format array at this 
position. To efficiently illuminate a large format array like 
SuperCam, the telescope focus must fall within the apex 
room located just behind the primary. A system of re-
imaging optics located in the apex room transforms the f 
number of the telescope to f/5 (Figure 8). Since the physical 
separation between array elements in the instrument focal 
plane scales as 2fλ, lower f/#'s serve to reduce the overall 
size of the instrument. The reimaging optics are composed of 
two offset parabolas and several flat mirrors. All the 
reimaging optics can be mounted on a single modular optical 
frame. This frame can be completely constructed, aligned and 
tested off the telescope, disassembled into modules and 
reassembled in the apex room. All electronics, including the 
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backend, are located in the apex room. The cryostat and 
optics frame have been designed using finite element analysis 
to minimize gravitational deflection, and the calculated 
deflections have been fed into the tolerancing of the optical 
design. The optical system was initially designed and 
optimized with Zemax, and was then verified by BRO 
research using their ASAP physical optics package. The 
system’s efficiency exceeds 80% for all pixels, and has been 
verified to be robust to alignment and fabrication tolerances. 
  

H. Data Pipeline  
A schematic of the SuperCam data pipeline is shown in 

Figure 9. The spectrometer will have a dedicated, 1Gb 
ethernet connection to a data acquisition-spectrometer (DAS) 
control PC. The DAS PC will have two ethernet cards and a 
RAID5 array for local data storage and fault tolerance. Five 
750 GB drives in a RAID0/1 array will provide >3 TB of 
storage. During the Galactic Plane survey the data rate will 
be 400 GB/day. The DAS disk array will provide at least a 
week of raw storage at 90% duty cycle. The DAS PC will 
stream the raw data to a background process that will be 
responsible for regridding the data into a more manageable 
format; approximately 200 GB for the entire SuperCam 
Galactic plane survey. The data processing task will also be 
responsible for determining the quality of the data and 
flagging bad OTF scans that need to be repeated. Quality will 
be assessed by evaluating the RMS noise after subtracting the 
baseline from each spectrum and comparing with that 
expected from Tsys. The data processing task will spool 
preprocessed data images to the telescope control 
computer(s) for the observer to see, upon request. The HHT 
telescope control computer in return will send data 
acquisition requests to the DAS PC, thus closing the 
communications loop. 

II. LABORATORY TESTING 
For testing the SuperCam mixer design in the laboratory, 

we designed two single pixel mixers. The first design used an 
existing SIS junction design from the DesertStar 7-pixel 
array [2], but incorporated the Caltech designed MMIC 
module. This work was reported in other papers [3, 4]. We 
determined that the SIS receiver with integrated MMIC 
amplifier worked as well as a receiver with a separate 
connectorized amplifier and cryogenic amplifier, and resulted 
in no heating effects at the SIS device from the close 
proximity of the amplifier. We later designed a second single 
pixel amplifier that is an exact copy of a single pixel of the 
1x8 mixer array design discussed in section I.B. This mixer 
was designed to test the self-aligning beam-lead-on-SOI SIS 
devices that will be used in the SuperCam array, as well as 
the compact, low power electromagnet, MMIC amplifier 
module and extended diagonal feedhorn.  This mixer was 
extensively tested for noise performance across the band. Its 
frequency response was measured using a Fourier Transform 
Spectrometer and stability measurements made using the 
complete backend system (Figure 6 top).  

32 pixels (4 mixer modules) have been undergoing 
extensive laboratory tests. Representative DC IV and total 

power curves measured using one of these mixers is shown in 
Figure 10. Noise temperature measurements of 27 pixels are 
presented in Figure 11. The average noise temperature is 
~100K across the measured band (LO limited to 330 to 365 
GHz).     
 

 

Figure 9: Schematic of SuperCam data pipeline. 

 
Figure 10: A representative pumped and pumped IV curve from a Supercam 
mixer element with hot and cold IV curves. Measured uncorrected noise 
temperature is 75K. 

 

Figure 11: Uncorrected receiver temperature from the 27 out of 32 operating 
pixels in Supercam now, at LO frequencies for CO(3-2) and HCO+(4-3). 
Pixels 6, 16 and 22 are affected by issues with LO pumping or LNA 
performance. 
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III. SCHEDULE 
SuperCam is rapidly nearing completion. All key 

components have been designed, machined, manufactured, 
and tested. Four modules (32 pixels) are in the SuperCam 
cryostat now. Four more will be delivered by July 2010. 
SuperCam will then be mounted on the HHT with a full of 
complement of 64 pixels. Routine observations with 
SuperCam will begin on the HHT by the end of 2010.  
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Abstract — A highly versatile measurement setup has been 
built that allows complete characterization of the ALMA Band 5 
cartridge. The measurement setup includes all necessary 
hardware and largely achieves automatic measurements for the 
system noise and sideband rejection with in-built optimization 
procedures. The measurement setup additionally comprises 
measurements of the receiver saturation, phase and amplitude 
stability, as well as optical beam characterization.  

I. INTRODUCTION 
The Atacama Large Millimeter/sub-millimeter Array 

(ALMA) is a partnership of Europe, Japan, and North 
America, in cooperation with the Republic of Chile. ALMA 
will initially be composed of 66 high-precision antennas with 
a possible extension in the future [1]. The ALMA site is 
located at an altitude of 5000 m in the Atacama desert in 
northern Chile.  

The ALMA Band 5 receiver channel is a dual polarization, 
sideband separation (2SB) SIS-receiver [2] and covers the 
frequency range 163-211 GHz that includes the 183 GHz 
water absorption line. The presence of the water absorption 
line in the receiver RF band makes ground based 
observations challenging. However, the scientific drive for 
the development of the ALMA Band 5 cartridge is to observe 
the water line in space whereas the extremely dry, high-
altitude site in the Atacama desert allows observations even 
at these frequencies. Apart from observing the water, the 
second drive for the Band 5 development is to detect highly 
red shifted galaxies, which falls in the specified frequency 
range [3]. 

The presence of the strong absorption line within ALMA 
B5 RF- band implies additional challenges in the receiver 
characterization, since the water vapour introduces 
substantial RF - loss affecting the accuracy of the 
measurements. The ALMA B5 characterization takes place in 
the laboratory in Gothenburg, Sweden, located at sea level, 
with a typical humidity of 70-90 % [4]. In order to preclude 
the humidity to affect the accuracy of the measurements, the 
RF-part of the setup is enclosed in a cabinet, constantly 
flushed with dry nitrogen. The enclosing of the measurement 
setup requires a highly compact layout, which was realized 
using a layered design. The layout of the measurement setup 
is described in section II. Section III-V of this paper 
describes different parts of the measurement setup, i.e. 
noise/sideband-rejection measurements and optimization, 
gain saturation, phase-stability, and optical characterization.  

 

II. MEASUREMENT SETUP LAYOUT 
The measurement setup has been built with focus to be 

compact and to allow largely automatic measurements and 
optimization of the receiver performance of the ALMA B5 
Cartridge. The 183 GHz water absorption line is situated in 
the middle of the receiver’s RF - band and introduces 
substantial RF - loss affecting the accuracy of the 
measurements. Consequently, the RF-part of the setup is 
enclosed inside a cabinet, which is constantly flushed with 
dry nitrogen in order to minimize the effect of the water 
vapour on the accuracy of the measurements. The layout of 
the measurement setup is shown in Fig. 1. 

 
Fig. 1 Layout of measurement setup used for ALMA B5 cartridge 
characterization.  The scanner, CW-source, and the hot/cold loads are placed 
in “layers” above the RF window allowing a compact setup and, to a large 
extent, automatic measurements. 

Reduction of the water vapour in the enclosure allows the 
cold (77 K) LN2 load to be placed above the cryostat 
window at a sufficient distance to facilitate the use of hot 
loads: 290 K for the noise measurement setup (Y-factor 
measurements) and 373 K load for the dynamic range 
characterization, which are located in between the cryostat 
window and the cold load. Appropriate loads for the different 
measurements are inserted with computer controlled linear 
stages. The top plate of the cryostat accommodates the beam 
scanner for optical characterization that is placed in the 
“layer” below the loads. The use of computer controlled 
linear stages allows easy reconfiguration of the setup for 
different type of measurements. 
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III. NOISE AND SIDEBAND REJECTION MEASUREMENTS 
We use standard Y-factor measurement technique where 

the receiver input is either exposed to 77 K load, the load 
being manufactured as described in [5] and immersed into 
liquid nitrogen, or to a hot load. A Mylar beam-splitter is 
used to inject the CW test signal in the main beam with 
background loaded to the cold facility load while performing 
the noise and sideband rejection (SBR) tuning of the receiver. 
The hot (room temperature) load is inserted into the receiver 
beam by a computer controlled linear stage; this allows 
simultaneous measurements and optimization for sideband 
rejection and noise temperature. The optimization routine 
finds the optimum settings with the LO-control voltage (LO-
power) and the mixer bias settings as variables.  

The Mylar beam-splitter (at 300 K) introduces some, but 
insignificant loss in the cold load signal path; our estimation 
predicts that the effective load temperature should not exceed 
90 K and is corrected through calibration. By performing the 
sideband rejection measurements with a CW pilot signal with 
a background of approximately 90 K, we minimize potential 
problems with the SIS mixer saturation. The sideband 
rejection measurement follows the approach proposed in [6]. 
Fig. 2 shows a picture of the setup in SBR configuration.  
   

Fig. 2 Measurement setup in configuration for noise and sideband rejection 
measurement and optimization. 
 

IV. GAIN SATURATION MEASUREMENTS 
SIS-mixers are selected as detectors for receivers in radio-

astronomy due to their extremely high sensitivity, resulting 
from high non-linear behavior (non-linear at voltages in the 
order of 1mV). A drawback of this behavior is that a SIS-
mixer might saturate at input power levels from blackbody 
radiation at temperatures just above room temperature. The 
ALMA specifications require that the large signal gain 
compression shall be less than 5 % measured with 77 K load 
at the RF input port and the situation when a 373 K load is 
placed at the same RF input port [7].  

Reference [8] outlined how the large signal gain 
compression, GCls, between two input levels can be 
determined by measuring the differential gain at the same 
input levels. Fig. 3 and Fig.4, from [8], illustrate how the 
large signal gain compression and the differential gain are 
defined; 1) Tsys (Receiver temperature + Tin) vs. Pout and 2) 
Tin vs. Pout. The large signal gain compression is defined as 
G0/Gls and the differential gain is defined as dPout/dPin. 
Further, [8] shows that; 1) the large signal gain is different 
(due to the redefinition of the origin); 2) the differential gains 
and gain compression is the same; 3) the large signal gain 
compression has the same value; 4) GCls=

1
2

GCdiff . 
 

 
Fig. 3 The large-signal and differential gain is illustrated at two different 
input temperatures at the input of the receiver (Pout vs. Tsys). The input 
considered is Trec+Tin, i.e. Tsys [8]. 

 
Fig 4 The large-signal and differential gain is illustrated at two different 
input temperatures at the input of the receiver (Pout vs. Tin). The input 
considered is Tin only [7]. 

 
In our setup, a setup similar to what is presented in [8]; the 

receiver beam is coupled via the beam-splitter in straight 
direction to a hot/cold (373K/100K) load to allow alternating 
the input power between these two levels. The side-beam 
coupled via the beam-splitter to a signal, which is modulated 
between the ambient/cold loads by a chopper. This procedure 
allows measurements of the small signal gain compression at 
the operating points set by the main hot/cold loads. The 
principle of the gain saturation setup is shown in Fig. 5 and 
Fig. 6 shows a picture of the laboratory setup. 
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Fig. 5 Layout of gain compression measurement setup. A modulated signal 
is introduced through beam-splitter allowing measurements of differential 
gain around operating points set by the main hot/cold loads. 

 

Fig. 6 Picture of the laboratory setup for saturation measurements. 

 

V. BEAM CHARACTERIZATION AND PHASE 
STABILITY MEASUREMENTS 

The receiver optics characterization (beam-pattern 
measurements) are performed using vector field, both phase 
and amplitude, measurements. A three axis scanner, allowing 
compensation for standing waves with its 3rd axis, is used to 
scan a test RF-source across the receiver input beam. In this 
setup, a vector network analyser is employed as a single 
frequency source together with a circuitry, generating 
necessary frequencies.  The circuitry consists of comb-
generators, filters, and amplifiers forming a homodyne 
receiver in order to produce perfectly phase-coherent RF- and 
LO- signals by taking advantage of different harmonics [9]. 
The advantage of employing the VNA in combination with 
the additional circuitry is that such circuitry produces phase 

coherent LO and RF signals and removes errors due to initial 
phase fluctuations in the VNA. The very same setup is also 
utilized in phase-stability measurements. A schematic of the 
circuitry is shown in Fig. 7 and a picture of the scanner setup 
mounted on the cartridge test cryostat is shown in Fig. 8.  

 
  

Fig. 7 Schematic of the circuit allowing phase coherent beam scanning. The 
circuitry is also used in phase stability measurements. 

 
 

 
Fig. 8 Picture of the beam scanning setup with the scanner mounted on the 
cryostat top plate. 
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 Measurements are performed at 168 GHz, 187 GHz, and 
210 GHz, thus verifying the optical performance across the 
frequency band of the receiver. This reflects some limitation 
of the system in so far as only certain discrete frequencies 
across the RF – band can be used, since the generated 
harmonics, producing RF- and LO- signals, must generate an 
IF signal within the 4-8 GHz range. Figures 9-10 show the 
measured beam data at 168 GHz. 

 

 
Fig 9 Measured beam, X-cut with Co- and Cross-polar levels in dB, at 168 
GHz. 

 
Figure 10 Measured beam, Y-cut with Co- and Cross-polar levels in dB, at 
168 GHz. 

The measured cross-polarization levels show in Fig 9-
Figure 10, exhibit a more Gaussian like shape instead of the 
characteristic two-lobe shape expected for the cross polar 
beam pattern. The reason for this is most likely due to a small 
yaw- angle between the receiving horn and the probe, thus 
the polarization alignment is not correct and a small part of 
the co-polar field will be present in the cross-polar pattern. 
Since the cross polar levels are very low (below -23 dB), 
compared to the co-polar on axis value, it is sufficient with 
just a small percentage of the co-polar field to end up with 
the Gaussian shape of the cross-polar pattern instead of the 
two lobe pattern. The alignment (yaw-alignment) of the 
measurement setup will be investigated and the cross 
polarization will be remeasured.  

The beam pattern, horn and mirrors, was previously 
measured in a room temperature setup using an Agilent VNA 
with frequency extension modules, results are shown in     
Fig 11 and Fig 12, where the measured data is displayed 
together with GRASP [10] and MODAL [11] physical optics 

(PO) simulation data. The GRASP and MODAL simulations 
were performed by M. Whale at NUI Maynooth. The scans 
are performed at a distance corresponding to the focal plane 
of the telescope and the measured and simulated data has a 
correspondence of >99%. The fact that warm optics 
measurements show nearly 100 % agreement to the simulated 
data gives confidence that the optics performance is well 
within specifications and demonstrates the accuracy of the 
measurements.  
 

 
Fig 11 Measured beam pattern, at the focal plane, of the horn and two 
mirrors at room temperature compared to PO simulations in GRASP and 
MODAL. The figure shows the x-cut at 163 GHz. 

 
Fig 12 Measured beam pattern, at the focal plane, of the horn and two 
mirrors at room temperature compared to PO simulations in GRASP and 
MODAL. The figure shows the y-cut at 163 GHz. 

 
In order to reduce the scan time, which can have a duration 
exceeding 12 h for dense scans with standing wave 
compensation, i.e. two measurements λ/4 apart in z-direction 
for each point, an on-fly measurement procedure is being 
implemented. The on-fly measurement reduces the scan time 
significantly to approximately 40 minutes. The on-fly 
measurements require high dynamic range and the procedure 
has been tested successfully with the room temperature setup 
where the dynamic range of the system is in the order of 80 
dB. On-fly measurements will be tested also for cold 
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measurements for the frequency points where the dynamic 
range allows. On-fly measurements have the advantage of 
removing vibrations, due to starts and stops at each point, 
which otherwise requires a short delay in between 
measurement samples in order to allow vibrations to decay. 
The results of the measurements will be compared to the 
stepped scans for verification.      
   

VI. CONCLUSIONS 
We have presented a setup for complete characterization 

of a 2SB and dual-polarization receiver built in a compact, 
design.  The layered layout, i.e. scanner and loads at different 
distances along the beam, is used. The entire RF-part of the 
setup is enclosed in a cabinet flushed with dry nitrogen, 
reducing the water vapour content and substantial RF-loss 
compromising the accuracy of the measurements. The 
presented setup allows largely automated measurements and 
optimization of the noise and sideband rejection performance 
of the receiver. By introducing appropriate loads with 
computer controlled linear stages and applying a CW signal 
via beam splitter for SBR measurements, Y-factor and 
sideband rejection measurements can be done simultaneously 
with significantly decreased time needed for complete 
receiver characterization. 
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Abstract—SNS is a MATLAB-based software library written
to aid in the design and analysis of receiver architectures. It uses
electrical scattering matrices and noise wave vectors to describe
receiver architectures of arbitrary topology and complexity. It
differs from existing freely-available software mainly in that the
scattering matrices used to describe the receiver and its com-
ponents are analytic rather than numeric. This allows different
types of modeling and analysis of receivers to be performed.

Non-ideal behavior of receiver components can be parameter-
ized in their scattering matrices. SNS enables the instrument
designer to then derive analytic expressions for the signal
and noise at the receiver outputs in terms of parameterized
component imperfections, and predict their contribution to re-
ceiver systematic errors precisely. This can drive the receiver
design process by, for instance, allowing the instrument designer
to identify which component imperfections contribute most to
receiver systematic errors, and hence place firm specifications
on individual components. Using SNS to perform this analysis
is preferable to traditional Jones matrix-based analysis as it
includes internal reflections and is able to model noise: two effects
which Jones matrix analysis is unable to describe.

SNS can be used to model any receiver in which the com-
ponents can be described by scattering matrices. Of particular
interest to the sub-mm and terahertz frequency regime is the
choice between coherent and direct detection technologies. Steady
improvements in mm and sub-mm Low Noise Amplifiers (LNAs)
mean that coherent receivers with LNAs as their first active
element are becoming increasingly competitive, in terms of
sensitivity, with bolometer-based receivers at frequencies above
∼ 100 GHz.

As an example of the utility of SNS, we use it to com-
pare two polarimeter architectures commonly used to perform
measurements of the polarized Cosmic Microwave Background:
differencing polarimeters, an architecture commonly used in
polarization sensitive bolometer-based polarimeters; and pseudo-
correlation polarimeters, an architecture commonly used in
coherent, LNA-based, polarimeters. We parameterize common
sources of receiver systematic errors in both architectures and
compare them through their Mueller matrices, which encode
how well the instruments measure the Stokes parameters of the
incident radiation. These analytic Mueller matrices are used
to demonstrate the different sources of systematic errors in
differencing and correlation polarimeters.

I. INTRODUCTION

Many fields of astrophysics aim to measure increasingly
faint signals. For instance, there is great interest at present in
detecting and characterizing the B-mode [1] of the polarized
Cosmic Microwave Background (CMB). The strength of this
signal is not yet determined by theory, but a strong upper limit
is 170 nK [2], a tiny fraction of the CMB total intensity signal
(∼ 2.7 K).

An instrument built to detect very faint signals will almost
certainly be heavily affected by systematic errors. It is increas-
ingly important to be able to model the effects of receiver
systematic errors on the measured signal, and on the receiver
sensitivity. We want to be able predict the level of receiver
systematic errors, show their impact on the gathered data,
and make quantitative comparisons between different receiver
architectures.

Previous analytic and semi-analytic approaches to charac-
terizing systematic effects in receivers have usually employed
Jones matrices to describe receiver components and Mueller
matrices to characterize the effects of receiver systematics on
the observed Stokes parameters [3], [4]. The use of Jones ma-
trices to describe individual receiver components has several
shortcomings. Only the forward path of the signal through
the instrument is modeled – internal scattering caused by
reflections from poorly matched components is not included;
and Jones matrix modeling is unable to describe component
noise, and hence receiver sensitivity. Modeling a receiver with
a full analytic description of the outputs and sensitivity in
terms of individual component parameters allows us to identify
which parameters of each component in a receiver are most
important, and concentrate our efforts on improving them.

This paper introduces a technique and software for de-
veloping full analytic descriptions of receiver outputs and
sensitivities in terms of lab-measureable errors in individual
components. In this technique components are modeled by
electrical scattering matrices. When describing a network of
components with Jones matrices the forward-path cascaded
response can be obtained through simple matrix manipulation
and multiplication. The scattering matrix formulation does not
share this simplicity of calculation: only the case of cascaded
2-port devices is amenable to a relatively simple analytic
solution. This paper describes an algorithm for calculating
the response of arbitrarily connected networks of components.
We present software which implements this algorithm, and
apply it to two common polarimeter architectures: differencing
polarimeters, and pseudo-correlation polarimeters.

This software allows us to make robust analytic compar-
isons of receiver architectures. Errors in individual receiver
components can be parameterized and propagated into the
description of the receiver performance, e.g. the instrument
Mueller matrix. We hence have a powerful tool for guiding
the instrument design process and diagnosing the causes of
non-ideal instrument behavior.

379



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010.

II. ELECTRICAL SCATTERING MATRICES

We model the behavior of individual receiver components,
and the full receiver, using electrical scattering matrices.
The electrical scattering matrix (hereafter referred to as the
scattering matrix) is a representation of a network using the
ideas of incident, reflected, and transmitted waves. It provides
a complete description of an N -port network as seen at
its N ports. A significant advantage of modeling receiver
components with scattering matrices is that noise can easily
be included in the modeling. The noise produced by a device
is modeled with a noise wave vector; see e.g. [5].

Consider the arbitrary N -port network shown in Figure 1a.
We denote the incident wave at port i by V +

i , the reflected
wave by V −

i , and the noise wave produced by the network at
that port by ci. These quantities are related by the scattering
matrix S and noise wave vector c as follows:



V −
1

V −
2

...

V −
N



=




S11 S12 · · · S1N

S21

...
...

SN1 · · · SNN







V +
1

V +
2

...

V +
N



+




c1

c2
...

cN




(1)

The noise wave voltages ci of an N -port network are
complex time-varying random variables characterized by a
correlation matrix C

C =〈c⊗ c†〉

=




〈|c1|2〉 〈c1c∗2〉 · · · 〈c1c∗N 〉
〈c2c∗1〉

...
...

〈cNc∗1〉 · · · 〈|cN |2〉




where the angle brackets indicate time averaging, † indicates
the conjugate transpose operation, and ⊗ indicates the outer
product (or Kronecker product). The diagonal terms of C give
the noise power deliverable at each port in a 1 Hz bandwidth.
The off-diagonal terms are correlation products. The noise
correlation matrix C for a passive network is determined from
its scattering matrix S by [6]

C = kT (I− SS†) (2)

where k is Boltzmann’s constant, T is the physical temperature
of the network, and I is the identity matrix. The noise
correlation matrix for an active network can be determined
by measurement or modeling.

III. SOLVING ARBITRARY NETWORKS

Consider the arbitrarily connected network of N -port net-
works shown in Figure 1b. We need an algorithm to calculate
the scattering matrix S and noise wave vector c which de-
scribe the connected network. The algorithm derived here is
an extension of the algorithm described in [7], with added
noise wave vector manipulation. Similar algorithms are used
numerically in SUPERMIX [8].

First, let us consider the effect of connecting together ports
k and m of an N -port network described by Equation 1.
Connecting the ports means that V +

k = V −
m and V −

k = V +
m .

Manipulation of rows k and m of Equation 1 then gives us
the expressions

V −
m =

∑

i 6=k,m

Smi
1− Smk

V +
i +

Smm
1− Smk

V −
k +

cm
1− Smk

(3)

V −
k =

∑

i 6=k,m

Ski
1− Skm

V +
i +

Skk
1− Skm

V −
m +

ck
1− Skm

(4)

By substituting Equations 3 and 4 into each other we
can obtain expressions for V −

m and V −
k . Substituting these

expressions into Equation 1 we can obtain a new expression
for the reflected wave V −

i :

V −
i =

∑

j 6=k,m

[
Sij +

(1− Skm)(1− Smk)

(1− Skm)(1− Smk)− SkkSmm
(
SikSmj
1− Smk

+
SikSmmSkj

(1− Smk)(1− Skm)

+
SimSkj
1− Skm

+
SimSkkSmj

(1− Skm)(1− Smk)

)]
V +
j

+ ci + Sik

(
(1− Skm)cm + Smmck

(1− Skm)(1− Smk)− SkkSmm

)

+ Sim

(
(1− Smk)ck + Skkcm

(1− Skm)(1− Smk)− SkkSmm

)
(5)

From Equation 5 we obtain replacement expressions for the
elements Sij of S and the noise waves ci:

Snew
ij =Sij +A

[
SikSmj(1− Skm) + SikSkjSmm

+ SimSkj(1− Smk) + SimSmjSkk

]
(6)

cnew
i =ci +A

[(
SimSkk + Sik(1− Skm)

)
cm

+
(
SikSmm + Sim(1− Smk)

)
ck

]
(7)

where A =
1

(1− Skm)(1− Smk)− SkkSmm

Rows and columns k and m are then removed from S and
rows k and m are removed from c to create the scattering
matrix and noise vector which describe the new (N − 2)-port
network.

A. Algorithm

To obtain the scattering matrix and noise wave vector which
describe the arbitrarily connected network shown in Figure 1b
begin by forming the scattering matrix and noise wave vector
which describe the unconnected network:

S =




S1 0 · · · 0

0 S2

...
...

0 · · · SN



, c =




c1

c2
...

cN




(8)

380



21ST INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, OXFORD, 23-25 MARCH, 2010.

VN
+ VN

-

V1
+

V2
+

V3
+

V1
-

V2
-

V3
-

[S],[c]

pN

p1

p2

p3

c1

c2
c3

cN

(a)

[S1],[c1]

[S2],[c2]

...

[SN],[cN]

(b)

Fig. 1. (a) An arbitrary N -port network. The total signal at each port pi
consists of an incident signal V +

i , a reflected signal V −
i , and a noise signal

ci. The reflected signal V −
i is a weighted sum of the incident signal at port

i and transmitted signals from the other ports of the network, the coefficients
of the sum being the elements of the network scattering matrix S. The noise
signals are given by the noise wave vector c. (b) An arbitrarily connected
network of N-port devices.

We then successively form each connection in the network.
For each connection, find the rows and columns k and m of
S and c in Equation 8 which correspond to the ports being
connected. Use the replacement formulae given by Equations 6
and 7 to adjust the S matrix and c vector. Remove rows
and columns k and m from S, and rows k and m from c.
Repeat for each remaining connection until we are left with
the scattering matrix S and noise vector c which describe the
fully connected network.

IV. SOFTWARE IMPLEMENTATION

We have derived an algorithm in §III-A for finding the
scattering matrix and noise wave vector which describe an
arbitrarily connected network. We need to be able to apply it
to arbitrary receivers with parameterized scattering matrices
describing the receiver components and obtain analytic ex-
pressions for the outputs and noise in terms of the component
parameters.

The algorithm must be implemented in a programming
language with the ability to manipulate symbolic algebraic
expressions. This programming language must also support

1

2

3

2

1

S,c,N=3 S,c,N=4

ports
ports

N-port N-portNode

Node

2 1

3 2

Nb Nf

Nb Nf

4

3

Fig. 2. Schematic showing the nature of node and N -port objects and how
they connect to each other in the software.

pointers (or equivalent data structure) to allow the creation
of a navigateable network. We implemented the algorithm in
MATLAB1, which has a powerful and well developed sym-
bolic algebra toolbox. While it does not have a native pointer
data type (as of version R2008b), a third party open-source
pointer library2 adds this capability. The software package we
developed to perform this modeling is called SNS3.

A. Representing a Network

A network is represented by nodes and N -port objects, as
shown in Figure 2. They are both pointer objects. Each N -port
object contains an array of references to the nodes connected
to each of its N ports, a scattering matrix S, a noise wave
vector c, and a variable N , the number of ports of the object.

Each node object contains two pointers; these refer to the
N -port objects the node connects to in the “forward” and
“backward” directions, and which port number the connection
is made to (Nfp and Nbp respectively). Note that the forward
and backward directions are completely arbitrary; they are
merely a helpful concept when trying to visualize the operation
of the algorithms which act on the network.

The network is constructed by creating all the node and
N -port objects using functions called makeNode() and
makeNport(), assigning scattering matrices and noise wave
vectors to the N -port objects, and connecting each node to
its forward and backward N -port objects. A connectNode
function hides the complexity of assigning references to the
appropriate array locations and assigning the appropriate port
numbers to variables.

Nodes are classified into four types: input, output, central,
and terminated. We want to calculate the performance of a
network in terms of the response seen at the outputs due to
signals presented at the inputs. The central and terminated
nodes are removed by the network-solving program.

Once all the objects have been created, assigned matrices
and vectors, and connected, it suffices to describe the network
by the four arrays of nodes. Due to the fully connected nature
of the network representation it is possible to start at any node
and navigate to any other node by following the appropriate
links between objects.

1http://www.mathworks.com/
2http://code.google.com/p/pointer/
3Download at http://www.astro.caltech.edu/∼ogk/SNS/
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B. Solving a Network

The network-solving program accepts four arrays of nodes:
the inputs, outputs, central nodes, and terminated nodes. It
returns the scattering matrix and noise wave vector for the
connected network, where the central and terminated nodes
have been removed through application of the algorithm
described in §III-A.

The first step the software performs is to remove the
terminated nodes, if there are any. The software assumes
that the terminations are perfectly matched and at a common
physical temperature. It modifies the object scattering matrices
to remove the terminated nodes, and adds the noise terms
produced by the terminated nodes to the noise wave vectors.

The network sans terminated nodes is then passed to a
recursive network shrinking program. This program begins
with the first central node and applies the algorithm given by
Equations 6 and 7 to a sub-network consisting of the two N -
port objects connected to that particular node. A new N -port
object is created and assigned the resulting scattering matrix
and noise wave vector. All the nodes which were connected to
the now-defunct N -port objects are reconnected to this new N -
port object at the appropriate ports. A new network is formed
by excluding the central node just considered and the program
is recursively called on this new network. This continues until
there are no more central nodes, at which point the scattering
matrix and noise wave vector of the single remaining N -port
object are returned.

Applying the algorithm in this fashion, rather than to the
entire network at once, means that the size of the matrix S
in Equation 8 is kept small, speeding up computation. This is
not an optimum solution to network shrinking, but we have
found it to be significantly faster than applying the algorithm
to the full unconnected network for networks of more than a
few N -port objects.

The description given above glosses over the significant
complexity in keeping track of which nodes should be con-
nected where, and certain configurations of nodes and N -port
objects which would cause the default implementation of the
algorithm to fail. The majority of the code is dedicated to
performing these functions; only a small fraction of the code
actually carries out the calculations described by the algorithm.

C. Example Code Listing
To illustrate the operation of the program consider the

network shown in Figure 3. It is represented in software by
connected lists of nodes and N -port objects, as shown in the
following code listing:
% Matrices S1, S2, S3, S4, S5 and vectors c1, c2, c3, c4, c5 assumed to
% have been previously defined using symbolic algebra library.
% Make the N-port objects
P1 = makeNport(); P2 = makeNport(); P3 = makeNport();
P4 = makeNport(); P5 = makeNport();
% Assign scattering matrices and noise vectors
P1.S = S1; P2.S = S2; P3.S = S3; P4.S = S4; P5.S = S5;
P1.c = c1; P2.c = c2; P3.c = c3; P4.c = c4; P5.c = c5;
% Make the nodes which connect the N-port objects
In1 = makeNode(); In2 = makeNode(); On1 = makeNode();
On2 = makeNode(); Tn1 = makeNode(); Cn1 = makeNode();
Cn2 = makeNode(); Cn3 = makeNode();
Cn4 = makeNode(); Cn5 = makeNode();
% Connect nodes to N-ports
connectNode(In1,[],1,P1,1); connectNode(In2,[],1,P1,4);
connectNode(Cn1,P1,2,P3,1); connectNode(Cn2,P1,3,P4,1);
connectNode(Cn3,P3,2,P2,1); connectNode(Cn4,P4,2,P2,4);
connectNode(Cn5,P3,3,P5,1); connectNode(Tn1,P2,3,[],1);
connectNode(On1,P5,2,[],1); connectNode(On2,P2,2,[],1);
% Build arrays of nodes
inputs = {In1 In2}; outputs = {On1 On2};

In1

In2 Tn1

On2

On1

Cn1

Cn2

Cn3

Cn4

Cn5

1 2

34

1 2

34

1 2

2

2

1

1

3

[S1]
[c1]

[S2]
[c2]

[S3]
[c3]

[S4]
[c4]

[S5]
[c5]

Fig. 3. An arbitrary network of N -port devices to illustrate the software.
Nodes are indicated by open circles, N -port devices by rectangles. N -port
device i is described by scattering matrix Si and noise wave vector ci. Input
nodes to the network are Ini, central nodes Cni, terminated nodes Tni, and
output nodes Oni.

cnodes = {Cn1 Cn2 Cn3 Cn4 Cn5}; tnodes = {Tn1};
% Pass arrays of nodes to network calculator
[S, c] = getScatteringRecursive(inputs,outputs,cnodes,tnodes);

The getScatteringRecursive program performs the
actions described in §IV-B, and returns the scattering matrix S
and noise wave vector c for the resulting 4-port object. Nodes
In1, In2, On1, and On2 are connected sequentially to ports 1
to 4 of this object.

V. POLARIMETRY

The example presented in the coming section, §VI, com-
pares two receiver architectures commonly used to measure
linear polarization at radio to sub-mm wavelengths. This sec-
tion provides necessary background information by sketching
a brief summary of polarization. It shows how a receiver may
be described by a Mueller matrix, and shows how to derive a
receiver Mueller matrix from the scattering matrix produced
by the software described in §IV.

A. Brief Summary of Polarization

An electromagnetic signal is said to be polarized if there is
some lasting amplitude or phase relation between its orthog-
onal modes. The coherency vector [9] captures this relation:

e =〈




Ex(t)E
∗
x(t)

Ex(t)E
∗
y(t)

Ey(t)E
∗
x(t)

Ey(t)E
∗
y(t)


〉

=〈E⊗E∗〉

Here E is the complex vector of the orthogonal modes Ex(t)
and Ey(t) of the signal, 〈. . .〉 indicates time averaging, and ⊗
indicates the outer product.

If the signal E is acted on by an object described by a Jones
matrix J, i.e. Eout = JE, then the new coherency vector is
given by

eout =(J⊗ J∗)e (9)

The polarization state of a signal is usually described by
the Stokes parameters, I , Q, U , and V . I describes the total
intensity of the signal, Q and U describe the linear polarization
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state, and V describes the circular polarization state. The
Stokes vector eS is obtained from the coherency vector e by

eS =




I
Q
U
V


 = Te (10)

where T =




1 0 0 1
1 0 0 −1
0 1 1 0
0 −i i 0


 (11)

We see that T is a coordinate transformation of the coherency
vector to the abstract Stokes frame.

The Stokes parameters are a convenient and powerful way
of the describing the state of polarization of an electromagnetic
signal. From Equation 10 we have:

I =〈|Ex(t)|2〉+ 〈|Ey(t)|2〉
Q =〈|Ex(t)|2〉 − 〈|Ey(t)|2〉
U =2〈<{Ex(t)E∗

y(t)}〉
=〈Ex(t)E∗

y(t)〉+ 〈E∗
x(t)Ey(t)〉

V =2〈={Ex(t)E∗
y(t)}〉

=− i[〈Ex(t)E∗
y(t)〉 − 〈E∗

x(t)Ey(t)〉] (12)

a) Mueller Calculus: Suppose that a signal defined by
the complex electric field vector E and coherency vector e is
modified by an object described by the Jones matrix J. From
Equations 9 and 10 we see that the output signal Eout = JE
will be described by the Stokes vector

eSout =T(J⊗ J∗)T−1eS

=MeS

The matrix M = T(J⊗J∗)T−1 is called the Mueller matrix.
It represents the action of the object characterized by Jones
matrix J in the Stokes vector space.

Mueller calculus is a matrix method for manipulating Stokes
vectors. We denote the Mueller matrix elements as

M =




MII MIQ MIU MIV

MQI MQQ MQU MQV

MUI MUQ MUU MUV

MV I MV Q MV U MV V




Mueller matrices are a convenient means of describing the
action of an astronomical polarimeter. Of particular interest are
the MQI and MUI parameters, which describe the leakage of
the total intensity I into the measured linear polarization vector
components. Much of the radio and mm/sub-mm spectrum is
only slightly linearly polarized, hence non-zero values of MQI

and MUI can imply serious contamination of the measured
linear polarization vector by the total intensity signal.

B. Deriving Receiver Mueller Matrix

Say we have calculated the scattering matrix which de-
scribes the behavior of a receiver. For polarimeters, a natural
way of expressing the receiver’s performance is with a Mueller
matrix. We need to translate the receiver scattering matrix into

Ex

Ey

m

1

2

3

N

[S] D

Fig. 4. A arbitrary receiver, where orthogonal linear polarizations Ex(t) and
Ey(t) are presented at inputs 1 and 2 respectively. D is the output at port
m. The receiver is described by scattering matrix S.

a Mueller matrix which describes the action of the receiver on
the Stokes vector of the incident electromagnetic signal.

Consider the arbitrary receiver shown in Figure 4. Orthog-
onal linear polarizations Ex(t) and Ey(t), representing either
signals in transmission lines, orthogonal modes in waveguide,
or orthogonal modes in free-space, are connected to ports
1 and 2 of the receiver respectively. Receiver output D
is connected to port m. The receiver is described by the
scattering matrix S.

The output Em(t) seen at port m is given by (assuming that
the connections to ports 3 to N are reflectionless):

Em(t) =Sm1Ex(t) + Sm2Ey(t)

The power contained in the signal Em(t) is then measured.
At radio wavelengths this is often achieved through the use of
a square-law detector diode. At mm and sub-mm wavelengths
a bolometer might be used. The measured power PD is given
by:

PD =α〈Em(t)Em(t)∗〉
=α
[
〈|Ex(t)|2〉|Sm1|2 + 〈|Ey(t)|2〉|Sm2|2

+ 〈Ex(t)E∗
y(t)〉Sm1S

∗
m2

+ 〈E∗
x(t)Ey(t)〉S∗

m1Sm2

]
(13)

where 〈. . .〉 indicates time averaging, α is a proportionality
constant dependent on the power detection method, and we
assume that the instrument scattering matrix parameters are
constant during the average time period. Now let

PD =MDII +MDQQ+MDUU +MDV V

=MDI〈|Ex(t)|2 + |Ey(t)|2〉
+MDQ〈|Ex(t)|2 − |Ey(t)|2〉
+MDU 〈Ex(t)E∗

y(t) + E∗
x(t)Ey(t)〉

− iMDV 〈Ex(t)E∗
y(t)− E∗

x(t)Ey(t)〉 (14)

where we have used the definition of the Stokes parameters
given in Equation 12.

By comparing Equations 13 and 14 we can obtain the
contribution of each Stokes parameter to the power measured
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at output D:

MDI =
α

2
{|Sm1|2 + |Sm2|2}

MDQ =
α

2
{|Sm1|2 − |Sm2|2}

MDU =
α

2
{Sm1S

∗
m2 + S∗

m1Sm2}

MDV =
iα

2
{Sm1S

∗
m2 − S∗

m1Sm2} (15)

We can derive the receiver Mueller matrix by applying this
technique to all the outputs of the receiver.

VI. POLARIMETER ARCHITECTURE COMPARISON

Two basic types of architectures are used to measure the po-
larization of an electromagnetic signal: differencing polarime-
ters, an architecture commonly used in polarization sensitive
bolometer-based polarimeters [10]; and pseudo-correlation (or
correlation) polarimeters, an architecture commonly used in
coherent, LNA or mixer based, polarimeters such as QUIET
[11].

Differencing polarimeters measure the difference in power
between orthogonal linear modes of the electromagnetic sig-
nal; see the definition of Q in Equation 12 for inspira-
tion. Correlation, or pseudo-correlation, architectures measure
the polarization state by measuring the correlation between
orthogonal modes. Correlation polarimeters are required to
preserve the phase of the incident signal. They are hence only
feasible if coherent (i.e. phase-preserving) amplifiers or mixers
are available.

The choice of which architecture to use for a particular
experiment is often dominated by sensitivity considerations. At
low frequencies (<∼ 60 GHz) the availability of low-noise co-
herent amplifiers has favored correlation architectures [12]. At
higher frequencies, the fundamental quantum limits that ampli-
fier noise is subject to has favored direct detection technologies
such as bolometers, and hence differencing polarimeter ar-
chitectures, for continuum polarimetry experiments. However,
continuing improvement in coherent amplifier technology at
high frequencies has pushed their performance closer to the
quantum limit, e.g. [13]. As coherent amplifier technology
improves, sensitivity may no longer be the deciding factor
between technologies, and hence architectures.

Differencing and correlation architectures measure the po-
larization information of the incident signal in very different
ways, and hence suffer from different sources of systematic
error. A careful analysis of the fundamental strengths and
weaknesses of each architecture is needed. SNS is well suited
to perform this analysis. In this section we use SNS to
derive receiver Mueller matrices for examples of these two
polarimeter architectures. This analysis highlights the different
sources of systematic error in these architectures.

A. Differencing Polarimeters

An example of a differencing polarimeter architecture is
shown in Figure 5 (right). The powers in orthogonal linear
modes D1 and D2 are detected and differenced to obtain one
of the linear polarization parameters. Differencing polarime-
ters have a much simpler architecture than pseudo-correlation
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Fig. 5. Examples of two commonly used polarimeter architectures. (left) A
pseudo-correlation polarimeter. (right) A differencing polarimeter. Orthogonal
waveguide modes Ex and Ey are circularized or rotated, and extracted from
waveguide by an orthomode transducer (OMT). In the pseudo-correlation
architecture the signals are further processed. The powers in signals D1 to
D4 are detected and processed to obtain the Stokes parameters, as explained
in the text.

polarimeters. However, they measure only a single linear
Stokes parameter; a duplicate receiver oriented at 45◦ to the
first is needed to measure the second linear Stokes parameter.

B. Pseudo-correlation Polarimeters

An example of a pseudo-correlation polarimeter architecture
is shown in Figure 5 (left). The Stokes parameters of linear
polarization in a circular basis are given by:

El(t) =
1√
2
[Ex(t)− iEy(t)]

Er(t) =
1√
2
[Ex(t) + iEy(t)]

Q =2〈<{El(t)E∗
r (t)}〉

U =− 2〈={El(t)E∗
r (t)}〉 (16)

Pseudo-correlation polarimeters measure the linear Stokes
vector by correlating circular polarization signals El and Er
with (D3 and D4) and without (D1 and D2) a 90◦ phase shift.
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The powers in signals D1 to D4 are detected and combined
to obtain the linear Stokes parameters.

While the architecture of a pseudo-correlation polarimeter is
more complex than that of a differencing polarimeter, it does
provide some significant advantages. For instance, both linear
polarization parameters can be measured with a single optical
assembly, providing twice the information for the same focal
plane area occupied.

C. Parameterized Scattering Matrices

Some of the components in the receivers shown in Figure 5
have parameterized scattering matrices. While it is possible to
describe every component in a receiver with a suitable parame-
terized scattering matrix, the resulting analytic expressions for
the outputs soon become too complicated to be useful when
written down.

In this analysis the components are assumed to be perfectly
matched, i.e. the diagonal elements of the parameterized
scattering matrices are zero.

1) Circularizer: The circular phase shifter translates or-
thogonal linear polarizations into orthogonal circular polar-
izations. It introduces a 90◦ phase shift into one orthogonal
linear mode, and is oriented at 45◦ to the OMT linear axis.

A possible parameterization of the circularizer’s scattering
matrix as shown in Figure 5 is:

Scirc =
Lc√
2




0 1 1 0
1 0 0 −ei(π

2 +θc)

1 0 0 ei(
π
2 +θc)

0 −ei(π
2 +θc) ei(

π
2 +θc) 0




Here L2
c is the insertion loss of the circularizer, and θc is the

error in the 90◦ phase shift. The circularizer is assumed to be
otherwise perfect.

2) Faraday Rotator: The Faraday rotator shown in the
differencing polarimeter in Figure 5 is a component sometimes
used in PSBs [14]. It modulates the measured polarization
signal by introducing a variable rotation to the plane of linear
polarization of the incident signal. A similar effect can be
achieved with a rotating birefringent half-waveplate, or a wire
grid.

The scattering matrix for the rotator considered here is:

Sfr =




0 cos(θps) sin(θps) 0
cos(θps) 0 0 − sin(θps)
sin(θps) 0 0 cos(θps)

0 − sin(θps) cos(θps) 0




Here 2θps is the time-dependent linear plane rotation intro-
duced by the Faraday rotator.

3) OMT: The OMT extracts orthogonal linear modes from
the waveguide. The scattering matrix parameterization consid-
ered here is:

SOMT =




0 Dx dyx 0
Dx 0 0 dxy
dyx 0 0 Dy

0 dxy Dy 0




Here Dx and Dy measure the insertion loss for each orthogo-
nal mode, while dxy and dyx measure the leakage of one mode

into the other. From conservation of energy considerations in
a passive component we have the constraints |Dx| = |Dy| =
|D|, |dxy| = |dyx| = |d|, and |D|2 + |d|2 = L2

omt, where
L2
omt is the insertion loss of the OMT. The parameters may

have arbitrary phase.
4) LNAs and Phase Switch: The scattering matrices for the

LNAs in the pseudo-correlation polarimeter are given by:

SL,R =

[
0 0

GL,R 0

]

Here GL and GR are the complex voltage gains of the left
and right circular polarization amplifiers respectively.

The phase switch in the pseudo-correlation polarimeter
modulates the phase of one of the signal arms relative to the
other. Its scattering matrix is given by:

Sps =

[
0 eiθps

eiθps 0

]

Here θps is the time-dependent phase shift introduced by the
phase switch, usually shifting between 0◦ and 180◦.

D. Polarimeter Mueller Matrix Elements

We now build a connected model of each polarimeter in
SNS using the matrix parameterizations given in §VI-C. We
use Equation 15 to obtain expressions for the powers measured
at each receiver output in terms of the incident signal Stokes
parameters.

For the ideal pseudo-correlation polarimeter, i.e. where all
the components are perfect, the outputs are:

PD1 =
1

2
I − 1

2
U

PD2
=
1

2
I +

1

2
U

PD3 =
1

2
I − 1

2
Q

PD4 =
1

2
I +

1

2
Q (17)

Here we have assumed that θps = 0 and α = 1. To measure
the Stokes parameters we take Qm = PD4 − PD3 , Um =
PD2 − PD1 , and Im = 1

2 (PD1 + PD2 + PD3 + PD4).
For the ideal differencing polarimeter the outputs are:

PD1 =
1

2
I +

1

2
cos(2θps)Q− 1

2
sin(2θps)U

PD2
=
1

2
I − 1

2
cos(2θps)Q+

1

2
sin(2θps)U (18)

Which linear Stokes parameter we measure depends on the
plane rotation introduced by the Faraday rotator, and is given
by Lm = PD1

− PD2
= cos(2θps)Q − sin(2θps)U . The

measured total intensity is Im = PD1 + PD2 .
The Mueller matrix parameters of particular interest in CMB

polarization studies are: MII , MQQ, and MUU , the diagonal
elements of the Mueller matrix; MQI and MUI , the leakage
of the total intensity signal into the (generally) small linear
polarization signal; and MQU and MUQ, which measure the
rotation of the linear polarization vector by the receiver.
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These Mueller matrix parameters for the pseudo-correlation
polarimeter are:

MII =
L2

cL
2
omt

2

[
|GL|2 + |GR|2

]

MQQ =L2
c |GLGR|

[
|D|2 cos(θ3) + |d|2 cos(θ4)

]

MUU =L2
c |GLGR|

[
cos(θc){|D|2 cos(θ3)− |d|2 cos(θ4)}

− sin(θc)|Dd|{sin(θ1) + sin(θ2)}
]

MQI =L2
c |GLGR||Dd|

[
cos(θ2) + cos(θ1)

]

MUI =L2
c |GLGR||Dd|

[
sin(θ1)− sin(θ2)

]

MQU =L2
c |GLGR|

[
cos(θc){|D|2 sin(θ3)− |d|2 sin(θ4)}

+ sin(θc)|Dd|{cos(θ2)− cos(θ1)}
]

MUQ =− L2
c |GLGR|

[
|D|2 sin(θ3) + |d|2 sin(θ4)

]
(19)

where θ1 =θDy − θdxy − (θGL − θGR + θps)

θ2 =θDx − θdyx + (θGL − θGR + θps)

θ3 =θDx − θDy + (θGL − θGR + θps)

θ4 =θdxy − θdyx + (θGL − θGR + θps)

Here X = |X|eiθX . We have implicitly assumed that the
responses of all the power detectors are equal and stable.

To keep the comparison between the architectures reason-
able, we need to include varying power detection sensitivity in
the differencing polarimeter. Let the power detection propor-
tionality constants (see Equation 13) be α1 and α2 for outputs
1 and 2 respectively. We also need to decide on the rotation
angle of the Faraday rotator to specify which linear Stokes
parameter we actually measure. Let θps = ±45◦ (i.e. Stokes
U). We then obtain the Mueller matrix parameters:

MII =
L2

omt

2

[
α1 + α2

]

MUU =
sin(2θps)

2

[
α1 + α2

][
|D|2 − |d|2

]
− cos(2θps)|Dd|

[
α1 cos(θDx − θdxy )− α2 cos(θDy − θdyx)

]

MUI =
L2

omt

2

[
α1 − α2

]

MUQ =
cos(2θps)

2

[
α2 − α1

][
|D|2 − |d|2

]
− sin(2θps)|Dd|

[
α1 cos(θDx − θdxy )− α2 cos(θDy − θdyx)

]
(20)

1) Discussion: One of the greatest sources of systematic
error in polarimeters is leakage of the total intensity signal into
the measured linear polarization amplitude, P =

√
Q2 + U2.

The fractional contribution to P from total intensity leakage,
∆PI =MPI/MII , is given by:

∆PI =

√
M2
QI +M2

UI

MII

Assume that we have two differencing polarimeters oriented
such that they measure Q and U respectively, identical ex-
cept for their values of α. The “Q” polarimeter has values
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Fig. 6. Comparison of the effect of imbalance on the fractional total intensity
to polarization leakage for pseudo-correlation and differencing polarimeter
architectures. For the pseudo-correlation architecture, ∆ = ∆|G|2. For the
differencing architecture ∆ = ∆α. |d|2 is the OMT cross polarization.

α1, α2, while the “U” polarimeter has α3, α4. For the pseudo-
correlation and differencing polarimeters we then have:

∆P cI =
2
√
2|GLGR|

|GL|2 + |GR|2
|d|
√

(1− |d|2)(1 + cos(θ1 + θ2))

∆P dI =2

√
(α1 − α2)2 + (α3 − α4)2

α1 + α2 + α3 + α4

As a simplification, assume that ∆α = (α1−α2)/α2 = (α3−
α4)/α4, and let ∆|G|2 = |GL|2−|GR|2

|GR|2 . Take the worst-case
phase scenario, where cos(θ1 + θ2) = 1. We now have:

∆P cI =4|d|
√

1− |d|2
√

1 + ∆|G|2
2 + ∆|G|2 (21)

∆P dI =

√
2∆α

2 + ∆α
(22)

Equations 21 and 22 are plotted in Figure 6. Several
attributes are noteworthy: ∆PI is independent of the OMT
cross polarization |d|2 for the differencing polarimeter, but
is heavily dependent on the power sensitivity imbalance ∆α;
∆PI is almost independent of gain imbalance ∆|G|2 for the
pseudo-correlation polarimeter, but is dependent on the OMT
cross polarization.

Figure 6 clearly illustrates the difference between the po-
larimeter architectures in terms of total intensity to polarization
leakage. Correlation polarimeters are very insensitive to what
is generally the most unstable parameter in a coherent receiver:
fluctuating LNA gain. They are moderately sensitive to OMT
cross polarization |d|2. The comparatively high sensitivity of
differencing polarimeters to power detection imbalance can be
reduced if ∆α is stable and well-known; the data can then be
corrected and the leakage of I into P reduced. Phase switching
can also be used to reduce this leakage.

E. Pseudo-Correlation Polarimeter Noise Temperature

A very powerful benefit of using scattering matrices to
model receivers is the ability to perform noise analysis. We
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specify parameterized noise wave vectors for the pre-LNA
components and ignore any noise produced by the components
“down stream” of the LNAs, as their contribution will be
negligible if the LNA gain is high.

If the noise wave vector of the pseudo-correlation polarime-
ter is given by c, then the noise power measured at the output
Di in a 1 Hz bandwidth is given by Pi = α〈cjc∗j 〉, where cj
is the noise wave vector element corresponding to output Di.

Suppose that component k of M total components has N
ports, and is specified by the scattering matrix Sk and the
noise wave vector ck. cj is given by:

cj =
M∑

k=1

ckj ,where ckj =

N∑

i=1

bki c
k
i

Noise waves from different devices are not correlated:
〈cki (cmj )∗〉 = 0 for k 6= m. So, Pi is given by:

Pi =α
M∑

k=1

P ki

where P ki =
∑∑(

Ck ·
(
bk ⊗ (bk)†

))

Here Ck is the noise correlation matrix for component k, ·
is the matrix dot product, bk is the vector [bk1 . . . b

k
N ]T, ⊗ is

the outer product, and † is the hermitian conjugate. The
∑∑

indicates a sum over all the matrix elements.
The noise correlation matrices for the passive pre-LNA

components are obtained using Equation 2. To get the noise
correlation matrices for the LNAs we make two simplifications
to the HEMT noise correlation matrix model in [5]: first,
the off-diagonal terms of an LNA noise correlation matrix
(〈c1c∗2〉 and 〈c∗1c2〉) are much smaller than the diagonal terms
so we take them to be zero. Second: 〈|c2|2〉 ' |S21|2〈|c1|2〉 '
k|S21|2TN, where TN is the amplifier noise temperature and k
is Boltzmann’s constant.

Receiver noise temperature is referenced to the input. We
consider the receiver temperature Ti at output Di to be
the temperature of a thermal source seen equally at each
input which produces the same total output noise power in
a noiseless receiver:

Pi =α
( Nin∑

j=1

|Sij |2
)
Ti

∴ Ti =

∑M
k=1 P

k
i∑Nin

j=1 |Sij |2
(23)

Here Nin is the number of inputs to the receiver, and S is the
receiver scattering matrix.

Applying this technique to the pseudo-correlation polarime-
ter we derive the receiver temperatures for the outputs D1 to

Fig. 7. Plots of T1/TN against various parameters. We see that the receiver
is most sensitive to the cross polarization, |d|2, and is negligibly sensitive to
the other parameters. We assume TN = TP = 15 K. See text for details.

D4:

T1 =Tc +
Tp
L2
c

[ G

E − F
− 1
]
+
TN
L2
c

[ G

E − F

]

T2 =Tc +
Tp
L2
c

[ G

E + F
− 1
]
+
TN
L2
c

[ G

E + F

]

T3 =Tc +
Tp
L2
c

[ G

E −H
− 1
]
+
TN
L2
c

[ G

E −H

]

T4 =Tc +
Tp
L2
c

[ G

E +H
− 1
]
+
TN
L2
c

[ G

E +H

]
(24)

where Tc =Tp
[ 1

L2
c

− 1
]

G =|GL|2 + |G2
R|

E =
(
|GL|2 + |G2

R|
)
L2
omt

F =2|GLGR||Dd|
[
cos(θ1) + cos(θ2)

]

H =2|GLGR||Dd|
[
sin(θ1)− sin(θ2)

]

Here we have assumed that the amplifiers have noise temper-
ature TN , and that the circularizer and OMT are at a physical
temperature of Tp. θ1 and θ2 are given in Equation 19.

1) Discussion: Which parameters in the multiparameter
expression for T1 in Equation 24 have the greatest impact on
the receiver temperature? The most obvious are L2

c and L2
omt,

the insertion losses of the circularizer and OMT respectively.
Setting those aside, how do the other parameters affect the
receiver temperature?

The minimum value that T1 can have is TN . Our sensitivity
impact metric is then T1/TN ≥ 1. We fix L2

c = −0.1 dB and
L2
omt = −0.2 dB, and set |GR| = 1, |GL| =

√
1 + ∆|G|2,

θGL
= 0, and θDx = 0 (only relative phases matter here). This

leaves us with six parameters: |d|2, ∆|G|2, θGR
, θDy , θdxy ,

and θdyx .
We generate random sets of physically realistic values for

these parameters, and evaluate the metric T1/TN for each set.
We plot T1/TN against each parameter under consideration
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in Figure 7. It is immediately clear that the most important
parameter in this set is |d|2. Discarding the least important
parameters we now have:

T1 w 1

L2
c

Tp + TN

L2
omt − 2|d|

√
L2
omt − |d|2

− Tp

wTp(1− L2
cL

2
omt) + TN

L2
cL

2
omt

since |d|2 � L2
omt (25)

This simplified expression for T1 is exactly what we would
derive using a conventional noise temperature analysis, indi-
cating that the software has calculated the noise temperature
correctly.

VII. CONCLUSIONS

We have presented SNS, a MATLAB-based software library
written to aid in the design and analysis of receiver archi-
tectures. It uses electrical scattering matrices and noise wave
vectors to describe receiver architectures of arbitrary topology
and complexity.

We use SNS to compare two polarimeter architectures com-
monly used to perform measurements of the polarized CMB:
differencing polarimeters, an architecture commonly used in
PSB-based polarimeters; and pseudo-correlation polarimeters,
an architecture commonly used in coherent polarimeters. This
analysis highlights the differing sources of systematic error in
these architectures: I to P leakage in pseudo-correlation po-
larimeters is almost immune to gain imbalance, but sensitive to
OMT cross polarization; while I to P leakage in differencing
polarimeters is immune to OMT cross polarization, but very
sensitive to power detection imbalance.

We show how SNS can be used to calculate analytical
expressions for the receiver noise temperature of arbitrary
receivers. Analytic expressions for the receiver temperature of
a pseudo-correlation polarimeter are derived, and are found to
be consistent with those obtained from conventional receiver
temperature calculations.
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Abstract 

Atacama Large Millimeter wave Array (ALMA) is being built at a high altitude Atacama Desert in Chile. It 

will consist of 50 12m telescopes with heterodyne instruments to cover a large frequency range from about 30GHz 

to nearly 1THz. In order to facilitate the interferometer mode of operation all receivers have to be phase 

synchronized. It will be accomplished by phase locking of all local oscillators from a single reference source. 

However, a noticeable part of the phase error is caused as the signal propagates through the Earth atmosphere. 

Since this effect originates from the fluctuations of water vapors, it can be accounted for by carefully measuring 

the spectral width of one of water vapor resonance absorption lines. This will be done with a submillimeter 

heterodyne radiometer, Water Vapor Radiometer (WVR) [1]. WVR will measure the sky brightness temperature in 

the beam path of every telescope across the 183GHz water line with a spectral resolution of about 1GHz.  

Accuracy of the calculated optical delay is determined by the combination of the radiometric accuracy of the 

WVR and of the errors originated in the WVR illumination of the telescope. We will describe major challenges in 

the design of the WVR to comply with the stringent requirements set to the WVR. Several approaches to simulate 

the quasioptical waveguide which brings the signal from the telescope’s subreflector to the mixer horn, were used: 

fundamental mode Gaussian beam propagation, combined ray tracing with diffraction effects (using package 

ZEMAX), and a full vector electromagnetic simulations (using GRASP). The computational time increases rapidly 

from the first method to the last one. We have found that ZEMAX results are quite close to the one from GRASP, 

however obtained with nearly instant computation, which allows multiple iterations during system optimization. 

The beam pattern of the WVR and of WVR with the optical Relay (used to bring the signal from the telescope’s 

main axis to the WVR input window) was measured by a scalar beam scan at four planes in the far field. The 

experimental results correspond to the simulated ones with a high accuracy. The WVR illuminates the telescope 

subreflector with a spillover of less than 1.5% while maintaining high aperture efficiency. We developed an 

approach to calculate the beam center position at the subreflector (with is at 6m from the WVR) from our test data 

(at maximum 2m from the WVR) in order confirm the maximum beam deviation does not exceed 20mm, i.e. 1/15 

of the beam width. 
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Abstract—The Heterodyne Instrument for the Far-
Infrared (HIFI) was launched aboard the Herschel
space telescope on the 14th of May 2009. HIFI’s
frequency range is spread over 7 mixer bands. Bands
1-5 (480-1270 GHz) use Superconducting-Insulator-
Superconducting (SIS) mixer technology while bands
6 & 7 (1410-1910 GHz) use Hot Electron Bolometer
(HEB) mixer technology. HIFI is a double sideband
instrument and hence contains both the upper and
lower sideband of the down converted sky signal. The
gain in the upper and lower sideband is not always
equal. This effect introduces a calibration uncertainty
that must be understood in order to achieve the HIFI
calibration goal of 3%.

To determine the frequency dependent sideband
ratio for each mixer band, a gas cell test set up was
developed [1]. During the instrument level testing a
number of simple (12CO, 13CO and OCS) and complex
(CH3CN and CH3OH) molecules were observed using
the HIFI instrument. Using a radiative transfer model
with the measured pressure and optical path length
of the gas cell and molecular line parameters taken
from the JPL and HITRAN catalogs, model spectra
can be generated. By comparing the generated spectra
with the observed spectra the sideband gain can be
determined.

In this paper we present the analysis of 12CO gas
cell data in bands 1 & 2 and the application of the

determined side gain ratios to flight data.

I. INTRODUCTION

HIFI is a one of three instruments on board
the Herschel Space Observatory. Using heterodyne
techniques it provides very high spectral resolution
(R = ν/∆ν ≥ 106–107) from 480–1270 GHz
and 1410–1910 GHz for two polarizations. This high
resolution promises to open a new window on the
chemistry and kinematics of the cold universe [2].

The heterodyne technique achieves high resolution
spectra by beating the sky signal with an instru-
ment produced monochromatic signal of a similar
frequency close to the sky frequency of interest. This
local signal is typically known as the local oscillator
(LO) signal. The two signals are added together at
the mixer which reacts to the beat frequency of the
two signals. This down converted signal is known
as the intermediate frequency (IF). Depending on
the mixer characteristics a 2.4 to 4GHz band of the
sky signal is down converted either side of the LO
frequency, these bands are known as the sidebands.

HIFI’s frequency coverage is spread over 7 bands.
Each band has two mixer blocks which detect or-
thogonal polarizations. Each mixer is coupled to
two LO chains covering approximately half of the
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mixer band frequency coverage. HIFI uses two types
of mixing elements. Bands 1-5 (480–1270 GHz)
use Superconductor-Insulator-Superconductor (SIS)
technology and bands 6 & 7 use Hot-Electron-
Bolometer technology to mix sky and LO signals.
Both technology use superconducting techniques to
downconvert the signal albeit via different mecha-
nisms, for a review of mixer technology see [3].

HIFI aims to have unprecedented calibration ac-
curacy for a heterodyne instrument. A major source
of calibration error in ground based telescope is
atmospheric perturbations. By going to space HIFI
opens up new parts of the sub-mm spectrum but
also the vacuum of space removes a large calibration
error. The main calibration errors in HIFI will be
from the telescope optics and the instrument itself.
The main sources of calibration error for HIFI come
from internal standing waves, hot and cold load cou-
pling and temperature and mixer sideband gain ratio.
Standing waves manifest themselves in numerous
ways in a heterodyne systems and can be seen on
the spectra baseline but also more subtlety in the
mixer sensitivity due to internal reflection in the LO
mixer cavity, see [4] for a review.

Side band gain ratio is a bi-product of the HIFI
mixer set up. The HIFI mixers are double side band
(DSB) mixers and hence have an upper and lower
side band in the down converted spectra. The sepa-
ration of side bands in the mixer setup is a common
component in ground based telescope however at
the time of HIFI development the technique was
still in a development phase. HIFI separates the
sideband in the data processing pipeline. Using the
principle that by changing the LO frequency spectral
lines in the upper and lower side band move in
opposite directions it is possible to deconvolve DSB
spectra into its SSB (single side band) components,
see [5]. For wide band spectrometers such as HIFI
the change in gain across the upper and lower side
bands can introduce a significant calibration error.
The side band gain effect can be removed during
the deconvolution process however knowledge of the
side band gain ratio is required.

This paper discusses the gas cell tests undertaken
during instrument level testing (ILT) phase to deter-
mine the side band gain variation across the HIFI
frequency coverage. The effect of side band ratio
on calibration accuracy will be discussed in section
2. The gas cell set-up will be discussed in section
3. Section 4 details the gas cell line fitting and
the extraction of the side band ratio from this data.
Finally section 5 details the application of side band

ratio to flight data taken during the performance
verification phase of HIFI.

II. CALIBRATION ERRORS

As HIFI aims for unprecedented calibration accu-
racy in a heterodyne system all efforts were made in
the instrument level tests to quantify and understand
the sources of calibration error in the system. 2 of
the main sources of calibration error within HIFI are
standing waves and the mixer sideband ratio.

A. Standing waves

Standing waves are a common feature in radio and
sub-mm telescopes as the telescope and instrument
optics are comparable with the radiation wavelength.
Standing waves occur when a signal is reflected be-
tween 2 surfaces. The reflected signal interferes with
the incoming signal. Depending on the phase of the
signal when reflection occurs, the interference can be
constructive or destructive. When this interference is
viewed from a broadband perspective it appears as
sinusoidal intensity variation with frequency. From
the period of this modulation one can determine the
distance between 2 reflecting surfaces as follows:

d = c/2P (1)

where P is the standing wave period in frequency, c
is the speed of light and d is the distance between
the 2 surfaces.

The main source of standing waves in ground
based telescopes is from the secondary mirror. This
was considered in the design of the Herschel sec-
ondary mirror and the inclusion of scattering cone
has almost completely removed this effect. However
even though great efforts were made to reduce stand-
ing waves they are still seen in the HIFI internal
optics. Standing waves are seen in both the sky and
local oscillator signal paths.

Standing waves in the sky path, be it from the
calibration loads or the sky, appear as a modulation
on the spectrometer output. The problem is compli-
cated further by the double side band nature of HIFI.
The standing wave in figure 1 is the result of the
interference between the standing wave in the the
upper and lower sideband signal.

Standing waves in the LO path are not as apparent
as those in the sky signal path but can have a
detrimental effect on certain observing modes such
as frequency switch modes [6]. Standing waves in
the LO path modulate the LO power and hence the
sensitivity of the mixer. Figure 2 shows the effect of
a standing wave on the mixer pump level. A fraction
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of the LO power is reflected between the LO unit
and mixer causing a modulation in the LO power
and hence mixer sensitivity. The effect of standing
waves in the LO signal path is discussed in detail in
[4].

The standing wave seen in the HEB bands is of
another form. Like the sky path standing wave it
is seen as a broadband modulation on the spectrum
baseline however the origin of the reflection cavity
is not in the instrument optics but in the IF electrical
amplification chain. Due to an impedance mismatch
between the HEB mixer and the first amplifier not all
of the signal is transmitted and some is reflected back
and forth between the 2 component along 182mm
of coaxial cable. In bands 1-5 an electrical isolator
is present absorbing any reflected signal. However
due to a late design change in IF bandwidth for
the HEB band no suitable isolator was available
and hence reflected signal become a problem. In an
ideal system the standing waves would cancel in the
calibration routine. However the HEB impedance is
a very sensitive to small fluctuations in LO and sky
power which change the standing wave shape and
leads to a residual between the On and Off phases.
The impedance of HEB and the proposed solution to
remove this standing wave is discussed in reference
[7].

Correcting baselines for the standing wave effects
seen in figure 1 is a typical chore of a radio as-
tronomer and a number of tools are available for
this task. However complete removal of all standing
wave effects is not entirely possible. Standing waves
from the temperature loads can limit the absolute
temperature calibration possible and the standing
wave amplitude must be taken as a calibration error.

B. Side band ratio

As stated previously, HIFI is a double side band
instrument and contains signal from both the upper
and lower sideband. The basic HIFI calibration con-
tains 4 different observation phases, (On source, Off
source, Hot load, cold load) which when combined
together in equation 2 remove the systematic effects
(assuming the instrument is stable over the course
of the data acquisition) and return a temperature
calibrated DSB spectra.

On−Off

Hot− Cold
(2)

In an ideal mixer with an equal gain in both side-
bands, the spectral line intensity for an unconfused
line (i.e. not blended with a line from the other side
band) can be calculated simply by multiplying the

Figure 1. Plot of Methanol data taken at 645.999 GHz showing
a 170 MHz period standing wave corresponding to internal
reflection in a cavity of length ∼ 88cm

Figure 2. Plot of mixer currents for both H and V mixers. For
this test the LO power is kept constant and the LO frequency is
changed. In the mixer current vs. LO Frequency plot 2 standing
waves are apparent, a 92MHz modulation corresponding to a
distance between the LO source unit and the mixer focus and a
680 MHz period standing wave corresponding to an reflection
between the diplexer rooftop mirror and the mixer focus.

line intensity by 2. However the gain response across
a mixer band is not necessarily uniform.

HIFI observes 2 sidebands of 4.0 (bands 1-5)
or 2.4 GHz (bands 6 & 7) either side of the LO
Frequency.At the upper end of the IF band a 16 GHz
frequency difference is seen between the LSB and
USB frequency channel summing together to make
a single IF channel. A slope in the gain across the
side bands can introduce a calibration error when
converting DSB intensity to SSB intensities, see
figure 3. As HIFI has a large IF band width this effect
becomes significant. The effect must be understood
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Figure 3. Example of linear mixer gain variation and the
resulting side band ratios. The term SBR (side band ratio) is
defined as USB gain divided by the LSB gain

in order to determine the calibration accuracy and
eventually correct in the data processing pipeline.

The topic of intensity calibration is covered in
detail in reference [8].

III. GAS CELL TEST SETUP

A. Principles

Gas cell tests were used by the SWAS satellite
[9] and the Odin satellite [10] in their ground test-
ing. SWAS in particular used a gas cell set up to
demonstrate a side band gain ratio of unity. The IF
bandwidth of SWAS of 1.4 GHz is considerably less
than HIFI and hence would be less susceptible to
side band gain imbalances.

The basic concept of a gas cell calibration of a
heterodyne receiver is to observe well understood
molecules (known line frequencies, intensities, pres-
sure broadening parameters) and then using a radia-
tive transfer model generate a model line profile. By
comparing the model line profile with the observed
line profile it is possible to extract the instrumental
effects.

A gas cell observation follows that of a stan-
dard observation detailed in equation 2. A typical
observation observes the hot and cold calibration
loads through both the filled and empty gas cell.
By forming a ratio of filled and empty observations
one can extract the side band ratio. For a single
spectral line in the lower side band, the filled and
empty phases of the gas cell observation would be
as follows:

Sfilled = Gu(Jh − Jc) +Gl(Jh − Jc)e
−τ (3)

Sempty = Gu(Jh − Jc) +Gl(Jh − Jc) (4)

Multi-path 
GascellSource

Selector

Sources

Re-imager

Crysostat containing
HIFI

LO unit

Figure 4. Gas test setup

where Gu and Gl are the frequency dependent upper
and lower side band gain respectively, Jh and Jc are
the effective hot and cold load temperature of a black
body of temperature T at a given frequency. The e−τ

term represents the line opacity at the line center, see
section IV. By rearranging equations 3 and 4 the side
band ratio is given by:

RG =
Gl
Gu

=
1 − Sfilled/Sempty
Sfilled/Sempty − e−τ

(5)

For gases where the line intensity is saturated,
τ � 1, the above equation can be reduced to
Sempty/Sfilled − 1. For a gain balanced mixer
Sempty/Sfilled for a saturated line = 0.5 or an ab-
sorption line half the continuum level in a normalized
spectra, see figure 6.

In the data processing pipeline the side band gains
are applied to the DSB intensity to convert to single
side band intensity. In an ideal gain balanced mixer
this is simply a case of multiplying the intensity
by two. Where the mixer sideband is not equal the
intensity must be dividing by the side band gain
factor which is defined for the upper side band as:

Gssb =
1

1 +RG
(6)

and the lower side band gain factor is defined a 1−
Gssb, see reference [8].

B. Design

The design of the HIFI gas cell set up is detailed in
reference [1]. The gas cell set up chosen was based
on the recommendations from the SWAS gas cell
setup [11]. The gas cell has a multi path optical set
up which maximizes the optical path length while
keeping the volume of the gas cell to minimum for
ease of installation. The gas cell has a path length of
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Figure 5. Summary plot showing LO frequency coverage of
each gas used in the gas cell test campaign

128cm which is contained in a cylindrical vessel of
15 cm diameter and 50cm height.

As HIFI has a large frequency coverage one
single molecule will not provide saturated lines at
all frequencies. For the HIFI gas cell a range of
molecules were observed and hence the effect of
cross contamination was considered in the material
choice for the gas cell. A glass gas cell design was
chosen over a metal one as certain molecules would
stick to the metal walls particularly water. The gas
cell was designed to operate at low pressures around
1 millibar. The final gas cell test set up showing the
calibration loads, re-imager, LO and HIFI cryostat is
shown in figure 4.

C. Calibration gases

The choice of gases for the test campaign was
a trade off between a number of criteria. For side
band measurement a saturated line was necessary.
This limited the gas choice to molecules with line in-
tensities of 10−2 to 10−3 in units of nm−2.MHz. Lab
safety was also considered and possible corrosive
effects on the gas cell itself. Figure 5 summarizes
the frequency coverage of the final gas choices.

IV. GAS CELL LINE FITTING

A. Line profile theory

The line profile seen in figure 6 is best described
using a voigt profile. The voigt profile is a con-
volution of a lorentzian and gaussian profile. The
lorenztian profile describes the line broadening effect
due to the gas pressure and its half width half

Figure 6. 12CO gas cell data at 570.4 GHz (highlighted in blue
on the left). Green line shows spectral line fit for a balanced
mixer (Gssb = 0.5), red line shows the fitted profile where Gssb

= 0.542

maximum is defined by the:

δνL = γselfP (7)

where γself is the pressure broadening parameter
MHz/mbar and P , the gas cell pressure, is in mbar.
γ1self is taken from the HITRAN database [12]. The
gaussian profile describes the broadening effect due
to the thermal motion of the gas. The width of a
gaussian profile is a derived from the Boltzmann
equation and is a function of the gas temperature and
the line frequency. The half width half maximum is
defined as:

δνD =
ν0
c

√
2(ln2)kT

m
(8)

where ν0 is the line frequency, c is the speed of light,
k is Boltzmann constant, T is the gas temperature
and m is the molecular weight. The convolution of
these 2 profiles gives the distribution of energy for
that molecular transition. The integrated area of the
voigt profile for that transition is then equal to the
integrated intensity taken from the HITRAN or JPL
catalogs for that line. The peak absorption is then
defined as:

αmax =
Iba

πδνL +
√

π
ln2

P

kT
(9)

where Iba is the integrated intensity taken from the
catalog. Using αmax the unit voigt profile peak is
scaled. Combining the scaled voigt with the expo-
nential opacity broadening effect (Beer-Lambert law)
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Figure 7. Plot of 12CO (5-4) data taken with the V polarization
wide band spectromoter (WBS) backend between 568.4 to 572.1
GHz in steps of 0.1 GHz at an average gas cell pressure of
6.5mbar. Traces of LO spurious signals can be seen between the
LO frequencies of 570.7 and 568.4 GHz around the IF frequency
of 4.3GHz. The spectra highlighted in blue is shown in more
detail in figure 6

due to gas column length, the final line profile profile
peak is:

eαmaxV (ν−ν0,δνD,δνL)L (10)

where L is the gas cell column length. The residual
between this line profile and the observed line is
taken to be the side band gain ratio.

B. Line profile fitting

Figure 6 shows a example of the line fitting
routine. The green profile shows the line profile for
a balanced mixer while the red profile shows line
profile where the side band gain is left as a free
parameter which is fitted to match the observed line
profile. The resulting side band ratio factor is 0.542,
see equation 6.

Figure 7 shows an overview of the 12CO 576.268
GHz spectral line for a range of LO Frequencies
between 568.4 and 572.1 GHz. Each of spectra was
fitted with a model spectral line where the side band
gain was a free parameter. The resulting fitted side
band ratio factor versus LO Frequency is shown in
figure 8.

Note that the band 1b data presented here is an
exceptional example with a large side band gain
difference over 4GHz. This extreme example was
chosen to demonstrate the gas cell method and is
not typical of the side band ratio determined from
12CO line fitting in other bands.

V. CORRECTION OF FLIGHT DATA

The main goal of the gas cell test campaign was to
determine the side band ratio across each mixer band
and eventually correct flight data for this effect. The
main assumption made was that the side band ratio
is an inherent part of the mixer set up and should
remain the same over the instrument life time. The
example presented here is an extreme side band ratio
compared with other LO frequencies in HIFI. A 10%
change in gain is seen across over 4 GHz of the IF
band. This makes it an ideal region to compare the
lab data presented here with a comparable spectral
scan observed in space.

During the first performance verification phase
of HIFI in July 2010 a number of spectral scan
observations on strong sources were taken. Figure 9
shows a 12CO line tracked across the IF band in steps
of 0.4 GHz between the LO frequencies 568.535 and
571.932 GHz. In this plot it is apparent that the same
slope in gain seen in the gas cell data is seen in the
flight. Ideally the spectral line intensity should be the
same across the IF band, however in figures 7 and
9 the line intensity is seen to decrease across the IF
band indicating a side band gain imbalance. More
significantly is that the slope in gain across the IF
seen in flight data is consistent with that seen in the
gas cell data.

Figure 10 shows the peak line intensity of the data
show in figure 9 and also the peak line intensities
when the side band gain shown in figure 8 is applied.
From this plot one can see that before the gain cor-
rection is applied the peak intensity scatter is ∼10%
while after gain correction it is greatly reduced to
∼3%.

Figure 8. Fitted Gssb for each line profile shown in figure 7
versus LO Frequency
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Figure 9. Flight data spectral scan showing the 12CO (5-4) line
for a range of LO frequencies from 568.535 to 571.932 GHz

VI. CONCLUSIONS

In this paper, the concept of calibrating a double
side band heterodyne spectrometer using a gas cell
test set up was described. It was shown how to
generate a model spectra using radiative transfer
methods taking into account the optical path length,
gas pressure and temperature coupled with the JPL
and HITRAN line catalogs. We described how by
comparing model spectra to observed spectra the side
band ratio at that IF frequency could be extracted.
Using this extracted side band ratio data we showed
that for the LO frequency range from 568 to 572
GHz the amount of scatter in a flight data could be
reduced from the ∼10% to ∼3%.

VII. FUTURE WORK

The data covered in this paper is only a small
fraction of the total data taken during the gas cell
campaign, see figure 5. Future work will involve
the expansion of the methods demonstrated here to
12CO and 13CO in other mixer bands. The final goal
of this work is to analyze the large CH3OH and
CH3CN dataset taken and generate a more complete
picture of the side band gain ratio, thereby improving
the overall calibration accuracy of HIFI and finally
helping produce exceptional science data.
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Abstract— A semiconductor simulation tool based on Monte 

Carlo techniques has been used to analyse the performance of 

frequency multipliers in the millimetre-wave frequency range. 

Both power generation and noise properties have been 

compared for GaAs and GaN-based doublers. GaN could be an 

interesting option for frequency multiplication: efficiencies 

around 15 % can be reached for state-of-the-art carrier 

mobilities and noise performance is better than in GaAs-based 

doublers. 

I. INTRODUCTION 

Development of terahertz technologies is being 

conditioned by the small number of compact, powerful and 

tunable THz sources working at room temperature. GaAs 

Schottky multiplier chains have been widely used for LO 

power generation at millimeter wave band. However, to 

obtain the power levels required for applications in the 

terahertz region, several GaAs Schottky barrier diodes 

(SBDs) must work in a balanced configuration in the first 

multiplication stages, to prevent a single diode from entering 

into a breakdown regime. The set of SBDs that can be 

integrated in a microstrip line suspended within a 

transmission wave-guide supposes a limit in the available 

power in multiplication stages at higher frequencies. 

In recent years GaN has become a promising material for 

high power, high temperature and high frequency 

applications, mainly due to its wide direct band gap, which 

results in a high breakdown field, and its high peak and 

saturated electron drift velocity. The main inconvenient of 

GaN in comparison to GaAs is its lower electron mobility. 

The objective of this paper is to compare noise properties 

and harmonic generation of GaAs and GaN SBDs for 

multipliers by means of Monte Carlo (MC) simulations. This 

method is fundamental in high frequency and high power 

regimes of non-linear devices, where predictions of other 

simulation techniques differ from experimental results.  As a 

reference to this study, a 200 GHz doubler is considered. In 

section II, we described the structure of the simulated diode 

and the main features of our MC simulator. Section III is 

devoted to the analysis of the electrical characteristics and the 

intrinsic noise sources in static conditions. In section IV, we 

analyse the RF and noise performance of a 200 GHz doubler 

based on GaAs and GaN diodes. Section V summarizes the 

main conclusions and future trends of our work.  

II. DEVICE STRUCTURE AND MONTE CARLO SIMULATOR 

The simulated Schottky diode selected has an epilayer 

length of 350 nm with a doping concentration of 1x10
17

 cm
-3

. 

The length of the substrate is 500 nm, with a doping 

concentration 2x10
18

 cm
-3

. The length of the substrate has 

been shorter as compared to the typical values of fabricated 

devices in order to reduce the computational cost of the 

Monte Carlo method. The anode area is 36 µm
2
. The ideal 

barrier height is 0.99 V for GaAs and 1.20 V for GaN diodes, 

respectively. The performance of the diodes has been 

evaluated at 300 K.  

Calculations are performed by using an ensemble MC 

simulator three dimensional in momentum space, which is 

self-consistently coupled with a one dimensional Poisson 

solver. The effect of degeneracy is accounted for by locally 

using the classical rejection technique, where the electron 

heating and nonequilibrium screening effects are introduced 

by means of the local electron temperature. The ohmic 

contact is modelled as a surface that injects carriers in 

thermal equilibrium with the lattice (in order to maintain the 

neutrality in the region very close to the contact), according 

to Fermi- Dirac statistics; in addition any carrier reaching the 

contact leaves the device. On the other hand, Schottky 

contact is simulated as a perfect absorbent surface. Scattering 

mechanism included in the Monte Carlo simulation are 

ionized impurities, acoustic phonons, polar and non-polar 

optic phonons and intervalley mechanism, for both 

semiconductors materials. The band structure is modelled as 

a conduction band with three spherical non-parabolic valleys.  

The charge density is updated every 0.5 fs and devices are 

divided into equal cells of 20Ǻ long. The number of 

simulated carriers is around 10
5
.   

Noise study is carried out from the analysis of the noise 

spectra of current fluctuation calculated from the Correlation 

Function (CF) and Fast Fourier Transform method (FFT) as 

reported in [1]. 

III. STATIC CHARACTERIZATION 

In this section we analyse the diode configuration 

presented previously under forward bias conditions. Firstly, 

current-voltage (I-V) and capacitance-voltage (C-V) 

characteristics are presented. Secondly, we study the intrinsic 

noise behaviour. 

A. I-V and C-V relations  

Fig. 1 shows GaAs and GaN I-V curves. Two main 

regions are observed in these curves. Accordingly to the 
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thermionic emission theory, a non-linear conductance region 

is found for voltages lower than the built-in potential, (Vbi, 

around 0.95 V for GaAs and 1.11 V for GaN diodes); and a 

purely resistive region for higher bias voltages. 

By comparing GaAs and GaN curves, we conclude that the 

I-V non-linearity is similar for both semiconductor diodes. In 

fact, an approximation of these curves to the exponential rule 

I(t)~exp(α V) gives α~ 27, ( ideality factor n ~ 1.4) for GaAs 

and  α~ 23 (n ~ 1.7) for GaN diodes. 

References [2] and [3] present simulations and 

measurements of electron transport for these semiconductors, 

showing higher mobility values for GaAs than GaN. 
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Fig. 1  Current-voltage curves for GaAs and GaN Schottky diodes, 

calculated with MC method 

 

Fig. 2 shows capacitance-voltage curves, obtained as 

variations in the average number of carriers inside the diode 

with the applied voltage. 
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Fig. 2 Capacitance-voltage relation for GaAs and GaN Schottky diodes, 

obtained from MC method 

 

For V<Vbi, C-V curves follow the known law C/Cg= 1/(1-

V/Vbi)
1/2

, where Cg= εA/L  is the SBD geometric capacitance. 

Differences between GaAs and GaN SBDs capacitance are 

originated by differences in relative permittivity 

(εr(GaAs)/εr(GaN)~1.45).  

B. Noise under forward bias conditions 

Spectral density of current fluctuations for GaAs and GaN 

diodes is shown in fig. 3 and fig. 4 respectively, under 

forward bias. 

Three main features are observed in the spectral density of 

these Schottky diodes: a low frequency plateau and two high 

frequency peaks.  
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Fig. 3 Spectral density for current fluctuations in GaAs Schottky diode 
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Fig. 4 Spectral density for current fluctuations in GaN Schottky diode 
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Fig. 5 Low frequency spectral density for GaAs and GaN diodes, as a 

function of current 
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The low frequency plateau observed under barrier-limited 

transport is in good agreement with the shot-noise law 

SI(0)=2qI, as is shown in fig. 5. This noise component is due 

to carriers crossing randomly the Schottky barrier. With the 

increase of DC bias over flat-band regime, shot noise is 

replaced by thermal noise, [1]. 

The first high-frequency peak is related to returning 

carriers, i.e. carriers that approximate the Schottky barrier 

with insufficient kinetic energy to surmount it, and come 

back to neutral region of the semiconductor. According to the 

analytic theory presented in [4], the noise of these carriers is 

zero at zero frequency, rising as f 
2
, reaches a maximum, and 

then disappears. This peak displaces slightly to lower 

frequencies as DC bias increases. Although the low 

frequency plateau due to shot noise takes lower values for 

GaN than GaAs diodes, this peak is located at about 0.6 THz 

for GaN and about 1 THz for GaAs, resulting in an excess 

noise influence over the level of the plateau for GaN diodes 

in the sub- THz region, under barrier transport.  

The frequency associated to these carriers is defined by the 

inverse of the characteristic time of a carrier entering into the 

space-charge region and returning to the neutral region. So, a 

reduction in the depletion region by, for example, an increase 

in the doping of the epilayer translates this peak to higher 

frequencies. 

The second high-frequency peak observed in the spectral 

density is caused by fluctuations in the carrier’s velocity for 

the in-homogeneity of the n-n
+
 (epilayer-substrate) 

homojunction, which lead to electric field fluctuations via 

Poisson equation. The frequency of this peak is found 

between the plasma frequencies of the epilayer and the 

substrate, [5]. So, it is placed about 8.8 THz and 5.7 THz for 

the GaAs and GaN diodes respectively. From fig. 6, when the 

doping of the substrate is the same of the epilayer, so the n-n
+
 

in-homogeneity does not exist, the plasma peak disappears. 

Since plasma peak is independent of DC bias, results of fig. 6 

have been obtained for VDC= 0.75 for GaAs and VDC= 0.90 V 

for GaN. 
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Fig. 6 Spectral density for GaAs and GaN diodes, with and without n-n+ in-

homogeneity 

IV.  200 GHZ DOUBLER 

Frequency doubler operation based on GaAs and GaN 

diodes is analysed in this section. 

A. Harmonic generation 

To generate harmonics, GaAs and GaN diodes are excited 

with a sinusoidal voltage V(t)= V0+V1 Sin(2πft), of 

frequency f= 100 GHz. The breakdown voltage for the GaAs 

diode is Vbd ~ 12.5 V, [6]. In order to prevent a single diode 

from entering into the breakdown regime, the bias point for 

the GaAs diode is V0= -5 V. The amplitude V1 is 6 V, to 

avoid the conduction regime at the maximum voltage swing. 

The time domain response I(t) obtained from the simulation 

can be transformed  into the frequency domain by means of  

Fourier Transform, and the impedance of the GaAs diode at 

the fundamental frequency evaluated: Z(f0)= (6.38- 91.43j) 

Ω. This correspond to an input power of P(f0)= 13.7 mW. To 

evaluate the efficiency of the 200 GHz GaAs doubler we 

need to known the impedance at the second harmonic 

imposed by the external circuit, and this value it is not 

obtained directly for our calculations. By this end, harmonic 

balance simulations are used and a result for the impedance 

of the second harmonic for optimum harmonic extraction is 

obtained: Z(2f0)= (11.4+44j) Ω. So, the power deliverd at the 

second harmonic is P(2f0)= 3.7 mW.  The efficiency of the 

doubler is evaluated as η= P(2f0) / P(f0)= 27%, similar to the 

efficiency presented by [6]. 

For GaN diode, the breakdown voltage is over 82 V, [6]. 

This is one of the advantages of GaN versus GaAs diodes, 

because now the biasing of a single GaN diode can be V0= -

15 V. At 100 GHz enough power is available and the 

amplitude of the sinusoidal excitation is chosen at V1= 16.2 

V, to maximize the non linear capacitance swing. The 

impedance of the GaN diode at the fundamental frequency 

and the power available are Z(f0)= (6- 167j) Ω and P(f0)= 

28.3 mW, respectively. Also to calculate the impedance for 

the second harmonic the harmonic balance simulations are 

used, given a value of Z(2f0)= (8.49+78.05j) Ω. Finally the 

calculated conversion efficiency of a single GaN doubler is 

η= 2.3 mW/28.3 mW= 8.1%.  
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Fig. 7 Time dependence of the current response for the 100 GHz periodic 

excitation, for two GaAs diodes in parallel configuration and a single GaN 

diode 

These values of conversion efficiencies for both diodes are 

in good agreement with the results presented in [6] using a 

drift-diffusion model coupled to a harmonic balance 

simulator. Optimized structures for the GaN-based doubler 
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with state-of-the-art experimental mobility characteristics 

suggest that efficiencies above 15% can be reached for 

200GHz doublers.  

Two GaAs diodes are required to support an input power 

of 28 mW (power delivered to the GaN doubler based on one 

diode). To simplify the following analysis, we suppose that 

the two GaAs diodes are arranged in a parallel configuration. 

Fig. 7 and fig. 8 show current response and harmonic 

amplitude for two GaAs diodes in parallel configuration and 

a single GaN diode. Thanks to the high breakdown potential 

of GaN, high power excitations can be applied to a single 

diode, resulting in amplitudes for the second (m=2) and third 

(m=3) harmonics of the current of the same order of 

magnitude as the two GaAs diode configuration. 
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 Fig. 8 Harmonics amplitude of the current for two GaAs diodes in parallel 

configuration and a single GaN diode, at frequency f= 100 GHz. M 

represents the order of the harmonic. 

 

B. Intrinsic noise for the 200 GHz doubler 

Fig. 9 shows the main features of spectral density of 

current fluctuations for the two GaAs diodes in parallel 

configuration and the single GaN diode, under periodic large-

signal operation. Additionally to the noise spectrum, the 

fundamental and second harmonics are also included. It is 

important to take into account that the two peaks represent 

the power of the fundamental and second harmonic, 

measured in dBW, while the noise level represents power per 

Hertz, so to obtain the noise power delivered to an 

impedance, it must be integrated in a given frequency range.  

According to power values presented in previous subsection, 

the relative power of two GaAs diodes in parallel 

configuration respect to a single GaN diode, delivered to the 

second harmonic is 5.1 dB. 

The noise spectral density for the two GaAs diodes 

configuration has been obtained as two times the noise 

spectrum of a single GaAs diode, supposing incorrelation 

between both GaAs diodes. 

Noise properties for the GaN-based doubler are better than 

for the GaAs-based doubler. Only near GaN plasma peak, 

about 4 THz, GaN spectral density is higher than GaAs. 
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V. CONCLUSIONS 

We have presented an analysis on noise features and 

harmonic generation for GaAs and GaN multipliers based on 

Monte Carlo method. This study presents electric 

considerations, which can be obtained with other 

semiconductor simulation models like drift-diffusion, but in 

addition Monte Carlo simulation let us analyse also the noise 

properties of devices and circuits. 

Noise performance obtained from Monte Carlo method 

indicates that GaN presents lower levels of noise than GaAs 

in all frequency spectrum. In future works, analysis of noise 

in mixers, and the optimisation of the Schottky device 

structure for noise reduction will be performed.  
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Abstract—This work analyzes some of the physical aspects that
must be dealt with for terahertz circuit design based on Schottky
diodes beyond 1 THz. The high operation frequencies and the
small dimensions that will be required for the devices make
it essential to employ physics-based numerical simulatorsfor
the device optimization. We present an overview of the possible
alternatives and discuss the most adequate ones considering both
accuracy and simulation time. As a reference, we employ a Monte
Carlo simulator because it provides a numerical solution tothe
Boltzmann Transport Equation. Since high doping levels will be
necessary at these frequencies, the MC analyses should be based
on Fermi-Dirac statistics. An efficient method for the inclusion
of Fermi-Dirac statistics in MC simulators for non-homogeneous
devices is also outlined and the effects of using Fermi-Dirac
statistics instead of Maxwell-Boltzmann in Schottky diodemodels
are analyzed.

I. I NTRODUCTION

In the recent years, great advances are being made in
millimeter-wave solid-state sources resulting in a rapid in-
crease of the available local oscillator (LO) power at frequen-
cies around 100 GHz. Current state-of-the-art LO sources can
provide around 400 mW at W-band, and up to several watts
can be achieved in the near future [1]. This clearly opens
the possibility for the development of LO sources and mixers
based on Schottky diodes beyond 2 THz. However, the tradi-
tional methods widely employed by designers so far, which
are generally based on simple analytical diode models, will
not be appropriate for THz circuit design beyond 1-2 THz. At
these frequencies, even the validity of those physical models
based on simplifications of the Boltzmann Transport Equation
(BTE), like Drift-Diffusion (DD) and Hydro-Dynamic models
(HD), has to be confirmed.

Therefore, accurate physics-based semiconductor models
must be employed for the next generation of both Schottky
diode based LO sources and frequency mixers at the THz
range. The high operation frequency, the small dimensions that
will be required for these devices (with epilayer thicknesses of
100 nm or less) and the high doping concentrations necessary
to mitigate carrier velocity saturation will make it crucial to
employ very accurate models accounting for the limiting phys-
ical mechanisms connected with these device characteristics.
However, computational cost must also be accounted for and
a trade-off between accuracy and simulation time has to be
found.

The goal of this paper is to analyze some of the physical
aspects that must be dealt with for terahertz circuit design

based on Schottky diodes beyond 1 THz. The main approach
consists in using an harmonic balance simulator coupled with
a physics-based drift-diffusion model to analyze the device in
a self-consistent way together with the embedding circuit [2].
In order to check this approach beyond 1 THz (with short
devices and high doping concentrations) we employ a Monte
Carlo (MC) simulator as a reference because it provides a
numerical solution to the BTE [3]. Moreover, the MC device
analysis should be based on Fermi-Dirac statistics in order
to account for the semiconductor degeneracy. Fermi-Dirac
statistics needs to be implemented by using the energy moment
distribution function f(k) at every instant of time insteadof the
equilibrium Fermi-Dirac distribution function to well control
the energy transitions during the MC simulation [4]. Thus,
non-equilibrium conditions can be well accounted for during
high-frequency RF simulations using MC. An efficient method
for the inclusion of Fermi-Dirac statistics in MC simulators for
non-homogeneous devices is outlined and the effects of using
Fermi-Dirac statistics instead of Maxwell-Boltzmann within
the Schottky diode analysis are presented.

It is important to remark that the use of MC device models
for terahertz circuit design with harmonic balance methods
is prohibitive due to its high computational cost. However,it
allows to evaluate and improve other physics-based models
that might work reasonably well at THz frequencies with an
affordable computational cost.

II. SCHOTTKY DIODE MODELING FORTHZ CIRCUIT

DESIGN. ACCURACY AND SIMULATION TIME .

The selection of the most adequate method for semi-
conductor device simulation depends on two important factors:
Accuracy and simulation time. Generally, the more complex
the selected model, the higher the computational cost will
be. Hence, it is important to choose an adequate approach
for the device under study and to appreciate its limits and
range of validity. So far the most widely employed method for
millimeter-wave and submillimeter-wave Schottky diode based
circuit design consist of an harmonic balance (HB) circuit
optimization using either simple analytical models available
in commercial simulators [5] or more complex physics-based
numerical models [2], [6], [7]. In either case, the computa-
tional cost of the employed device model acquires a major
significance because of the iterative nature of the HB methods,
which involves several executions of the nonlinear analysis of
the device.
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The accuracy in the device simulation is normally de-
termined by how accurately carrier transport is described
[3]. Analytical device models based on equivalent circuits
(generally included in commercial simulators such as ADS
from Agilent) assume that the capacitance and current are
function of the present value of the internal voltage. For
Schottky diodes, this quasi-static approach has been proved to
be valid only up to a few hundred GHz [8] so some empirical
adjustments are often necessary for submillimeter-wave circuit
design [9]. The advantage of analytical models is their very
low computational cost.

The key advantage of physical-based numerical models over
analytical ones lies in the fact that they are self-consistent
and no empirical adjustment is necessary. Most widely used
physical models for semiconductor devices are those based on
the Boltzmann Transport Equation, which can be used either
directly or through its moments [10]. The BTE formulation
(Eq. 1) assumes that the electron dynamics are described by a
distribution functionf = f(~r, ~p, t), where~p is the momentum
and ~r is the position of the particle. The term∂f/∂t|coll

has to do with the variation of the distribution function as
a consequence of particle collisions inside the device. Once
the distribution functionf is known, all the parameters of
interest (carrier drift velocities, energy distribution,diffusion
coefficients, etc.) can be derived from it. However, finding the
exact solution to the Boltzmann’s equation is a very difficult
task, so approximate approaches are generally employed to
simplify the problem [10].

∂f/∂t + ~v · ∇rf + ∂~p/∂t · ∇pf = ∂f/∂t|coll (1)

On the one hand, HD numerical models consist of the first
three moments of the BTE that give respectively the continuity
equations, the current flow equations and the energy balance
equations for both electrons and holes. The current flow
equations are introduced in the continuity equations resulting
in four equations that together with Poisson’s equation andthe
corresponding boundary conditions, define the HD method.
Hence, the HD method involves the numerical solving of
five coupled nonlinear partial differential equations [3].On
the other hand, DD numerical models consider only the two
first moments of the BTE (electron conservation and an ap-
proximate form of themomentum conservation). In this case,
only three coupled nonlinear partial differential equations must
be numerically solved to simulate the device [11]. However,
neglecting energy conservation prevents DD models from
reproducing nonlocal effects such as the velocity overshoot.
This may represent a problem at high frequencies because
velocity overshoot might increase the current and modify the
high frequency performance of the semiconductor device [3].

In contrast to DD and HD models that are based on sim-
plifications of the BTE, MC simulation provides a numerical
solution to the BTE. Thus, all the simplifying approximations
can be removed and the real shape of the distribution functions
can be computed. In addition, MC simulation accounts for the
scattering mechanisms occurring inside the device and may
include a more detailed physical description of the energy band
structure [3], [12].

A rough estimation of the valid operation ranges for the
different available physics-based model was given by M.
Lundstrom in [3] (see Fig. 1). Nevertheless, the actual validity
of a specific model has to be verified for the device and
operation conditions under study. Obviously, the best way for
this task is by direct comparison between measurements and
simulation results [2]. However, MC results are in very close
agreement with experimental results [3] and can be employed
to validate other device models.

Fig. 1. Estimation of the valid operation range of physics-based semiconduc-
tor models by M. Lundstrom [3].

Unfortunately, the excessive simulation time required for
MC simulations makes it prohibitive to use MC analysis
for the optimization of THz circuits like frequency mixers
and multipliers. This is shown in Table I with a comparison
between HB simulation times employing both physics-based
MC and DD Schottky diode models. Single analysis refers to
a Schottky multiplier/mixer simulation for a single operation
point whereas circuit optimization involves the joint optimiza-
tion of all the design parameters (embedding impedances,
epilayer thickness and doping, anode area, bias, etc.) in order
to maximize the performance at a certain input power and
frequency. Note that the computational cost for mixer analysis
is much larger than for multipliers. The reason for this is
that the time-domain nonlinear response of the diode has to
be analyzed along one period of the intermediate frequency
resulting in a larger number of voltage samples [13]. Moreover,
HB mixer analysis involves a larger number of frequencies,
and thereby more HB iterations, because of the necessity to
account for both LO and RF harmonics and their intermodu-
lation products [13].

In order to illustrate the usefulness of MC simulators to
test other device models, Fig. 2a shows the evolution of
the electron velocity as a function of the epilayer thickness
for a typical Schottky diode used at millimeter/submillimeter
wavelengths. It can be noticed the important increase in the
velocity overshoot as the device shrinks from 480 nm to
90 nm according to MC simulations. As already discussed,
velocity overshoot is not taken into account in DD models. The
difference between MC results (solid curves) and DD results
(dashed curves) becomes more evident as the device shrinks.
Therefore, DD models seemsa priori inadequate for terahertz
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TABLE I
ANALYSIS AND OPTIMIZATION TIME FOR SCHOTTKY DIODE BASED

MIXERS AND MULTIPLIERS USING HARMONIC BALANCE TOGETHER WITH

EITHER A MC DEVICE MODEL OR A DD DEVICE MODEL.

circuit design were epilayer thicknesses of the order of 100
nm will be employed. These results are also in agreement
with the range of validity predicted in Fig. 1. Moreover, not
accounting for velocity overshoot has a notable impact on the
simulated Shottky diode I-V curves, which is manifest by the
early current saturation in DD results with regard to MC results
(Fig. 2b).
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Fig. 2. MC analysis of the limitations of DD models with device shrinkage:
Velocity overshoot (a) and I-V curves (b). MC analysis (solid curves) and DD
analysis (dashed curves).

Nevertheless, velocity overshoot occurs at the flatband
regime and these operation conditions are not reached in
general for Schottky diode based multipliers. On the contrary,
minimum conversion losses for Schottky mixers are obtained
when flatband voltages are slightly exceeded [14]. Hence,
traditional DD simulations are not longer adequate for mixer
design due to the limitations shown in Fig. 1. As discussed
before, HD models do not experience these limitations but
imply the numerical solution of a five-equation system (two
more than in DD models), which increases the computational
cost. We proposed in [15] an intermediate approach consisting
in using MC simulation to redefine the mobility-field char-
acteristics and recombination velocity used in DD Schottky
diode models beyond flatband. As illustrated in Fig. 3, our
enhanced DD model overcomes the problems shown in Fig. 2
and extends the validity of traditional DD models to submicron
devices without adding any extra simulation time.
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Fig. 3. MC analysis of the performance of our enhanced DD model presented
in [15]: RF current response to a 165 GHz voltage excitation for MC, DD
and enhanced DD (a), and I-V curves obtained with MC -solid lines- and DD
-dashed lines- (b).

The use of a HB circuit simulator together with our en-
hanced DD model offers a good trade-off between accuracy
and simulation time and might be employed as a first attempt
to well optimize Schottky-based circuits beyond 1-2 THz. MC
simulations can be used not only to check the validity of the
approach but also to analyze other aspects like the evolution
of the electron temperature within the device as exemplified
in Fig. 4.
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Fig. 4. Electron temperature (Te) obtained by means of MC simulation
(Maxwell-Boltzmann and Fermi-Dirac statistics). Electron temperature is
equal to lattice temperature in DD simulations (300 K in thiscase).

It is important to remark that the electron temperature
(Te) actually represents the average random kinetic energy
of the electrons. This corresponds to a temperature only for
a non-degenerate Maxwellian distribution function (Maxwell-
Boltzmann statistics). For Fermi-Dirac statistics, this quantity
accounts for an increase in the electrochemical potential due
to degeneracy plus a real-temperature effect [4]. Noise canbe
as well easily analyzed with MC simulation since it is inherent
to MC simulators [16].

III. A N EFFICIENT IMPLEMENTATION OF FERMI-DIRAC

STATISTICS ON SCHOTTKY DIODE MC SIMULATORS

MC simulators have a semiclassical nature as they simulate
the electron as a classical particle affected byscattering
mechanisms whose probabilities are obtained according to
principles from quantum mechanics. The electrons within the
semiconductor behave likefermions and consequently the
Pauli Exclusion Principle should be included. In this case,the
electronic states are described by the Fermi-Dirac statistics
instead of by Maxwell-Boltzmann statistics. For MC analysis
at terahertz frequencies, where Schottky diodes with highly
doped epilayers are necessary, semiconductor degeneracy has
to be taken into account. For GaAs, degeneracy occurs for
doping levels higher than4 − 5 · 1017 cm−3.

The MC code employed herein has been developed at
the Tor Vergata University of Rome (Italy). It consists of
a band structure with three valleys at the conduction band
(the central valleyΓ, and the two satellite valleysL and
X), and three valence bands (heavy-holes, light-holes and
spin-orbit). Spherical constant-energy surfaces are assumed
and non-parabolicity correction factors are applied for the
calculations [12]. The following scattering events are included:
acoustic phonon interaction, polar-optical phonon interaction,
electron-plasmon interaction, impurity scattering, electron-
hole scattering, intervalley scattering and impact ionization.

The implementation of Fermi-Dirac statistics presented in
this section is based on the rejection method proposed by
P. Lugli and D.K. Ferry in 1985 for homogeneous devices
[4]. MC simulation allows to know the distribution function
even in the transient phase. Hence, the actual Fermi-Dirac

distribution function f(k), which evolves during the MC
simulation (i.e. in RF simulations), can be computed at every
instant of time during the MC simulation and employed to
control the accepted/rejected energy transitions according to
Pauli Exclusion Principle. This technique avoids to use the
analytical expression for the equilibrium Fermi-Dirac distribu-
tion function (only valida priori in the stationary regime). The
method described in this work is an extension of [4] to ensem-
ble MC simulation of heterostructure devices (e.g. Schottky
diodes) and performs well even when weighted particles and
particle multiplication/cut algorithms are considered within
the MC simulation. Note that the use of weighted particles
(i.e. one particle represents several electrons) improvesMC
convergence.

The key point of the algorithm is the adequate normalization
of the distribution functionf(k) by the maximum number
of allowed states (Nc) to properly allow/reject the electron
moment transitions after each scattering event [4]. The prob-
ability of an electronic transition from statek to statek’ is
proportional to the probability that the final statek’ is unoccu-
pied: P (k, k’ ∝ f(t, k’ )/Nc(t). SinceNc(t) depends on the
electron concentrationn, independent distribution functions
are considered for each device layer i (epilayer,n+-layer and
buffer in the case of Schottky diodes):

Nc(t, i) =
2 · Ωc(t, i) · V (t, i)

8 · π3
(2)

Ωc(t, i) = ∆kx(t, i) · ∆ky(t, i) · ∆kz(t, i) being the unitary
k-space volume cell for the MC simulation andV (t, i) =
Nelectrons(t, i)/n(i) being the effective volume in layeri (Nc

is derived from the Heisenberg Uncertainty Principle). Thein-
dex t in the previous equations indicates that these parameters
are dynamically recalculated during the MC analysis in order
to improve the efficiency of the algorithm. On the one hand,
at least 50 particles are always guaranteed for each k-space
mesh cell in order to have an accurate enough calculation
of the distribution function. Hence, the mesh cell volume
Ωc(t, i) is dynamically recalculated each time the distribution
function is re-evaluated. In addition, maximum and minimum
values for the electron moment (kx,ky,kz) are monitored along
the analysis in order to well determine the limits for the
dynamical definition of thek-space mesh. To avoid unwanted
effects when particles with different weights are present in the
simulation, especially at the interphases between layers,the
effective volume and the number of allowed states are made
dependant in the proposed algorithm on the average weight of
the electrons within the layer.

On the other hand, the efficiency of the algorithm in terms of
simulation time depends on how often the distribution function
is recalculated. Fig. 5 shows the performance of the proposed
algorithm as a function of the number of MC iterations (NFD)
between re-evaluations of the distribution function. It can be
seen that good results are obtained forNFD values below 100
MC iterations. Obviously, consideringNFD > 1 implies that
some energy states become slightly overpopulated for small
periods of time throughout the analysis. The MC simulation
itself rapidly corrects these anomalies so the effect is not
noticeable in the overall MC simulation. ForNFD > 200,
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overpopulated energy states are not longer under control and
the algorithm fails as can be seen in Fig. 5. Note that a very
good accuracy is achieved forNFD = 50 with almost no
extra time added to the simulation with regard to the use of
Maxwell-Boltzmann statistics (see Table II).
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MC iterationsNF D between recalculations of the of the distribution function.

TABLE II
FERMI-DIRAC MONTE CARLO SIMULATION TIME AS A FUNCTION OF THE

NUMBER OF MC ITERATIONSNF D BETWEEN RECALCULATIONS OF THE

OF THE DISTRIBUTION FUNCTION.

To conclude this section, Fig. 6 shows a comparison be-
tween the I-V curves obtained with both Maxwell-Boltzmann
statistics (blue curves) and Fermi-Dirac statistics (red curves)
for two Schottky diodes with epilayer dopings of1 ·1018cm−3

andn+ − layer dopings of2 · 1018cm−3 and5 · 1018cm−3.
From these results, it is evident that Fermi-Dirac statistics must
be accounted for in order to well determine the I-V response
of highly-doped Schottky diodes. Note that when a low-doped
homogeneous diode (ND = 1 · 1016cm−3) is simulated,
both Fermi-Dirac and Maxwell-Boltzmann statistics yield the
same results since the semiconductor is not degenerated in
this case. It can be observed in Fig. 7 that for low dopings
similar distribution functions are obtained with both statistics.
However, if the doping is increased toND = 1 · 1018

(degenerate conditions) the MC results obtained with each
of the statistics differ significantly. In the case of the Fermi-
Dirac statistics, the Pauli exclusion principle forces a large
portion of the electrons located in the lower-energy statesto
move towards higher energy states so the energy distribution
function tends to broaden and diminish in comparison to the
Maxwell-Boltzmann distribution.
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Fig. 6. Performance of the proposed Fermi-Dirac implementation: Monte
Carlo simulated I-V curves.
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Fig. 7. Resultant energy distribution functions for a low-doped layer (non-
degeneracy case) -left- and a highly-doped layer (degeneracy case) -right-.
MC results with Maxwell-Boltzmann statistics (blue curves) and Fermi-Dirac
statistics (red curves). Dashed lines represent the initial distribution functions
employed for the MC simulations.

IV. PHYSICAL SCHOTTKY-BASED CIRCUIT DESIGN

BEYOND 1 THZ

To exemplify those aspects that have been dealt with in the
previous sections, we present here a brief study on the theo-
retically achievable performance of Schottky based frequency
doublers at 2.4 THz and 4.8 THz. The analysis are performed
by means of the HB circuit simulator coupled with the physics-
based enhanced DD model described in [2], [15]. In order to
investigate the adequacy of this approach beyond 1 THz we
have firstly compared the predicted Schottky diode responses
obtained with both the MC and the DD Schottky diode model.
A sinusoidal voltage excitation,V = −2 + 2.85 · sin(ω0t),
has been considered since it provides a good representative
case where the diodes are driven covering almost the whole
range between breakdown and forward conduction. It can
be noticed in Fig. 8 that the results are quite similar with
both simulators. For example, peak to peak amplitudes and
waveform slopes are identical. A certain difference can be
appreciated at the maximum current peaks. Nevertheless, the
general good agreement leads us to think that the considered
method may represent a good approach to well estimate the
achievable multiplier performances at these frequency ranges.
Note that both Maxwell-Boltzmann and Fermi-Dirac statistics
provides similar results for these specific devices.

It is well known that for multiplier design above 1-2 THz,
where the available input power is very low to provide a
sufficient voltage swing of the nonlinear C-V curve, best per-
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(a)

(b)

Fig. 8. MC and DD Schottky diode model response to a voltage excitation
of 1.2 THz(a) and 2.4 THz (b):V = −2 + 2.85 · sin(ω0t) Volts (T=300
K). GaAs Schottky diodes feature:A = 0.5µm2, Lepi = 100nm, ND =
1 · 1018cm−3, Nn+ = 5 · 1018cm−3).

formance will be obtained for biasless or slightly forward bias
designs because of the higher nonlinearity of the capacitance
under these circumstances. High doping concentrations (5·1017

cm−3 or higher) need to be considered to mitigate the effect of
carrier velocity saturation leading to very short space charge
regions. Hence, epilayer thicknesses must be as shorter as
possible to reduce the contribution of the non-depleted region
of the epilayer to the overall series resistance [2].

Simulation results for a 2.4 THz Schottky diode doubler
and a 4.8 THz doubler are respectively shown in Figs. 9 and
10. We have considered and epilayer thickness of 100 nm
for the 2.4 THz doubler and a 75 nm epilayer for the 4.8
THz doubler. Epilayer doping concentrations from5 · 1017

cm−3 to 1 ·1018 cm−3 are analyzed. Then+−layer doping is
5 ·1018 cm−3 in all the cases. Two important conclusions can
be derived from these results. On the one hand, worse results
are obtained when using a1·1018 cm−3 doping level due to the
reduction of the space charge region that causes an increase
in the series resistance. On the other hand, a very precise
definition of the optimum values for the design parameters is
mandatory, especially for the 4.8 THz doubler.

For the 2.4 THz doubler, a maximum efficiency of 4%
could be theoretically achieved for a 0.5µm2 anode area
assuming a 1 mW input power per anode (Rs = 35Ω, Cj0 =
1.16fF ). For the 4.8 THz doubler much lower anode areas are
necessary due to the lower available input power (40µW per
anode assumed in this work). We have assumed a minimum
limit for the anode area of 0.2µm2 (Rs = 80Ω, Cj0 =
0.47fF ) and tried to compensate the high required input power
by varying the DC bias voltage (towards forward conduction).
Note that the peak efficiency is obtained at a lower input power
as bias voltage is increased. For 0.8 V, the efficiency drops
due to the change between varactor and varistor modes of
operation as shown in Fig. 10. This transition coincides with
an increase in both the real part and the imaginary part of

the optimum resistance at the fundamental frequency (shown
impedances are matched for each analyzed input power). This
factor is also responsible of the fast degradation of the doubler
efficiency beyond a certain input power level.

Fig. 9. Theoretically achievable performance for Schottkydoublers at 2.4
THz for a 2 mW input power at 1.2 THz (1 mw per anode) and 300 K.
Impedances are referred to a single anode (impedances seen from device
terminals).

Fig. 10. Theoretically achievable performance for Schottky doublers at 4.8
THz for a 80µW (-11 dBm) input power at 2.4 THz (40µW per anode)
and 300 K. Impedances are referred to a single anode (impedances seen from
device terminals).

To summarize, the low available input power and the circuit
sensitivity makes it essential to utilize very accurate device
models able to well determine the correct device impedances
and properly optimize the circuits. Due to the high sensitivity
of the circuit optimization, tuning elements like using DC bias
to compensate possible circuit imbalance will not be effective
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if the employed model for the circuit design does not guarantee
a sufficient accuracy.

Once the device has been optimized by means of HB
simulation, MC codes can be employed to evaluate additional
aspects like the evolution of the electron temperature within
the device. To exemplify this, Fig. 11 shows that the electron
temperature remains almost constant (and equal to the lattice
temperature:Te = Tl = 300K) along the RF current cycle.
However, electron temperature within the active layer vary
between 400K and 700K for the 2.4 THz case, and from 350K
to 400K for the 4.8 THz due to the lower input power. For
these analyses, the MC simulator has been driven with the
actual voltage RF waveforms at the Schottky diode terminals
resulting from the HB simulation (assuming 1 mW/anode at
2.4 THz and 40µW /anode at 4.8 THz).

Fig. 11. MC simulation of the RF electron temperature for theanalyzed 2.4
THz and 4.8 THz doublers over the RF voltage swing.

V. CONCLUSION

The use of harmonic balance simulators together with
accurate physics-based device models represents the most
appropriate way for terahertz circuit design since both the
external circuit and the device structure can be simultaneously
optimized in a self-consistent way. In this work we have briefly
discussed several available device models and its suitability
for Schottky based circuit design and optimization beyond
1 THz in terms of accuracy and computational cost. Our
harmonic balance simulator featuring an enhanced DD model
with improved definition of the mobility-field characteristics
offers a good trade-off between simulation time and accuracy.
According to HB simulation results, a theoretically achievable
performance of ∼ 4 % might be achieved for 2.4 THz dou-
blers, and∼ 2 % for 4.8 THz doublers. MC simulation results
have been used to give confidence to the results obtained with
this approach. Moreover, an efficient implementation of Fermi-
Dirac statistics in the MC simulator has been presented and

the impact of using Fermi-Dirac statistics instead of Maxwell-
Boltzmann statistics in the simulation of highly-doped n-GaAs
Schottky diodes has been discussed.
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Abstract 

The next generation of Schottky multipliers will take advantage of the high power already available from 
driver amplifiers (up to 500 mW in the 70-113 GHz band) and of the several watts expected at 100 GHz from 
MMIC amplifiers based on GaN transistors [1]. Power-combining strategies consisting in using several chips 
on a single split-waveguide multiplier block [2,3] will make it possible to handle the high LO power provided 
by state-of-the-art LO sources at 100 GHz, and thereby to increase the available LO power at terahertz 
frequencies. 

In this work, we will present the design of power-combined 190-GHz Schottky-diode doublers using United 
Monolithic Semiconductor (UMS) BES Schottky process based on the dual-chip single-waveguide topology 
described in [3]. The doublers feature two MMIC chips with a series array of 6 planar Schottky diodes each, 
integrated into a 50-μm-thick GaAs substrate. A bias-less design was chosen to accommodate the mixer-
optimized UMS BES Schottky diodes that feature short epilayers and subsequently relatively low breakdown 
voltages. Two designs have been made. The first one consists of two symmetrical circuits that incorporate 
beam-leads ground connections and a cross-shape 50-μm-thick substrate for lowering the dielectric load. This 
version of the doubler requires several post processing steps after the completion of the nominal UMS BES 
process. These steps are performed at the University of Bath and at the Rutherford Appleton Laboratory 
(RAL). The second version of the doubler does not require post processing steps. It features two symmetrical 
circuits implanted on a 50-μm-thick rectangular substrate and no beam leads are employed. 

The first design with post-processing is expected to achieve ~10 % efficiency over a 15 % 3-dB bandwidth, 
whereas 7-10% efficiency over a 12 % 3-dB bandwidth is predicted for the second design without post-
processing. The MMIC chips for both 190-GHz doublers have been already delivered by UMS and the 
multiplier blocks are now under process at RAL. RF measurements of the doublers are planned for the 
beginning of 2010. This work was supported by the European Space Agency and the CNES.  
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Abstract 

The continuous interests in terahertz (300 GHz to 10 THz) applications have generated technology pressure 

in the search of reliable, room temperature operational and compact sources and detectors.  Various terahertz 

sources such as optically pumped lasers, backward wave oscillators, and direct multiplied sources have been 

explored [1].  For direct multiplied sources, the GaAs-based Schottky diode is one of the most critical devices 

in heterodyne receivers operating at millimetre and sub-millimetre wavelengths.   

The importance of Schottky diode could be seen from the meticulous efforts in the diode technology 

advancement.  This includes the evolvement of the whisker contact to the surface channel planar diode 

technology [2] as well as the circuit integration of the discrete Schottky diodes.  For high frequency 

applications, the performance of a GaAs Schottky diode is limited by the parasitic elements [3] and the losses 

due to skin effects [4].  Thus, systematic studies of the Schottky diode parasitic elements and high frequency 

losses are very crucial in meeting the design goals.   

In the search of optimised diode performance, several studies on diode modelling have been performed [5], 

[6].  In this paper, we present a systematic method to estimate the diode geometry dependent parasitic 

elements and skin effect losses for diodes operating up to 400 GHz.  Different diode geometries, such as pad-

to-pad distance, buffer layer thickness and semi-insulating etch depth have been investigated.  The equivalent 

circuit based method as in [7] has been used, where the parasitic elements are extracted through the least 

square error fitting of the S-parameters simulated in Ansoft HFSS simulator to the lumped equivalent circuit.  

Simulations are performed with the semi-insulating substrate of 3 μm (for the case of integrated diode on the 

membrane) and 10 μm (for the case of discrete diode).  In addition, high frequency losses are investigated with 

the similar method, by using lossy conductors and adding a frequency dependent resistor in the lumped 

equivalent circuit.  Analysis of  the simulation and measurement results will be presented. 
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Abstract 

This paper presents the design and simulation of a novel fixed-tuned sub-harmonic mixer operating at a central 

frequency of 664 GHz. The mixer is based on a discrete anti-parallel pair of Schottky diodes fabricated at the 

STFC Rutherford Appleton Laboratory and flip-chip mounted onto a quartz based microstrip circuit. A 

double-sideband  conversion loss of better than 10 dB is simulated with 4.2 mW of local oscillator power 

across an RF range of 650-690 GHz, with a minimum of 8 dB at 663 GHz. 

 

The Following is a 3d model of the mixer block complete with integrated diagonal feedhorn. 

 

 
 Simulated performance is shown in the graph below and experimental results will be presented at the symposium. 
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Design of a Combined Tripler-Subharmonic Mixer
at 330 GHz for Multipixel Application Using

European Schottky Diodes
J. Treuttel, A. Maestrini, B. Alderman, H. Wang, D. Matheson, P. De Maagt,

Abstract—We present the development of an integrated het-
erodyne receiver at 330 GHz featuring a balanced tripler and
a sub-harmonic mixer embedded on the same substrate. The
receiver block has one face dedicated to the feed aperture,
and the opposite face to the local oscillator input and the
intermediate frequency output. By utilizing only opposite faces
this configuration makes building of a full two-dimensional array
possible through stacking receiver elements. Moreover, the size
of the receiver block is minimised by a small spacing between
the mixer and its local oscillator circuit. The input signal of the
multipler stage is between 55 and 60 GHz where high power
sources are more commonly available than at sub-millimeter
frequencies. A preliminary design and its analysis are described
in order to enlight problematics related to circuits composed
of several non-linear elements. Packaging constraints are also
discussed here since the spacing between two horn antennas
is limited by the physical size of the local oscillator and IF
connectors on the back face of the pixel.

Index Terms—Frequency Tripler, Sub-harmonic mixer, Het-
erodyne arrays, Spurious signal, Submillimeter-wave.

I. INTRODUCTION

Theoretical studies of atmospheric sounding from space
borne instruments have shown that sub-millimeter wave ra-
diometry offers new perspectives for the characterization of
clouds and rain on a global scale. Moreover, the non-ionizing
properties of sub-millimeter and terahertz radiation and the
relatively low power levels generally required make its use safe
for bio-medical diagnostics. Sub-millimeter radiation also has
the remarkable property of having only moderate attenuation
while propagating through non-polar materials such as paper,
wood, glass, plastic or ceramic, and is demonstrably useful
for security screening, explosives and contraband detection.
The list of applications at millimeter and sub-millimeter wave-
lengths continues to grow as new fields emerge through the
development of increasingly mature technology. Several of
these developments are focused on technologies for hetero-
dyne focal plane arrays, in order to ally higher sensitivity,
greater mapping speed and large-scale mapping ability [1]. In
this context, more widespread use of array receivers will be

J.Treuttel is with Observatoire de Paris, LERMA, 75014 Paris, FRANCE
and STFC, Rutherford Appleton Laboratory, Didcot, OX11 0QX, UK.E-mail:
j.treuttel@obspm.fr

A.Maestrini is with Universite Pierre et Marie Curie Paris 6.
B.Alderman is with Rutherford Appleton Laboratory, Didcot, OX11 0QX.
H.Wang is with Rutherford Appleton Laboratory, Didcot, OX11 0QX.
D.Matheson is with Rutherford Appleton Laboratory, Didcot, OX11 0QX.
P.DeMaagt is with ESA/ESTEC, Keplerlaan1, 2200 AG Noordwijk ZH,

The Netherands.

encouraged by the availability of integrated components with
appropriated packaging. In particular, Schottky array elements
give the advantage that they will work at ambient temperatures.
The current work is part of a program dedicated to Schottky
diode receiver array development, conducted at the Rutherford
Appleton Laboratory and held in collaboration with the Obser-
vatory of Paris. The motivation for building these receivers is
the applications in atmospheric sensing particularly observa-
tions of cirrus cloud at Sub-millimeter frequencies (EUMET-
SAT post-EPS and EU/ESA GMES Sentinel programmes).

A. Circuit Configuration

The main issue for the development of heterodyne receiver
array is the integration of components at a high level with
special care given to power transmission and dissipation.
Mass production, repeatability, miniaturization, and the use
of MMICs are also key issues for arrays fabrication. To
resolve these questions, it is necessary to optimize the interface
between the mixers and the local oscillator unit.
Two different configurations can be used to integrate the mixer
and the frequency multiplier; either integrate the mixer and
multiplier that are based on separate substrate via waveguide
component [2] or combine the mixer and the frequency mul-
tiplier on a single substrate [3]. The optimum performance

Fig. 1. HFSS view of the preliminary combined tripler/subharmonic mixer
design. The high pass filter is not included in the presented results.
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of the mixer and the frequency multiplier generally require
respectively different epitaxial doping layer of the substrate
not possible in the combined circuit case. Nevertheless, the
integration of a mixer and multiplier on a single substrate
offers a simpler assembly work and higher integration level,
which are suitable for large array development.

The block presented in this paper features a combined
circuit composed of a balanced tripler and a sub-harmonic
mixer integrated within the same circuit. The input signal of
the multipler stage is between 55 and 60 GHz where high
power sources are more commonly available than at sub-
millimeter frequencies. At E band, commercially available
power sources1 are reaching 27 dBm so make it possible to
pump four integrated receivers with the same source.
Both multiplier and mixer are unbiased, which means in
the tripler case working in the varistor mode, therefore with
limited efficiency. It allows to reduce the number of connectors
and also favorises easier operation than with biased circuits.
The mixer and multiplier circuits are balanced. For the tripler,
this leads to an impedance close to pure reactance at the second
(idler) harmonic of the input signal [4]. If we consider 20 dBm
power at the multiplier input for each of the receiver, the tripler
predicts to reach efficiency of 2 to 4 percents enough to pump
the mixer.
The IF band is set in the 9-21 GHz band fitting specifications
of the PREMIER mission (Process Exploration through Mea-
surements of Infrared and millimetre-wave Emitted Radiation).
The preliminary design uses separate flip-chip mounted planar
Schottky diodes components to perform the two functions.
The electrical parameters of the RAL Schottky diode model
considered in the simulations for the mixer diodes are an anode
diameter of 1.2 µm, a series resistance of 12 Ω, a zero voltage
junction capacitance of 8 fF, a saturation current of 2 fA, an
ideality factor of 1.2 and a built-in potential of 0.6 V. The
parameters for the tripler diode chosen here are an anode
diameter of 2.2 µm, a zero voltage junction capacitance of
6 fF, a serie resistance of 4 Ω, a saturation current of 3.10-13
A, an ideality factor of 1.2, a built-in potential of 0.8 V and
a breakdown voltage of 8 V.

B. Design methodology

The combined circuit includes six non-linear elements that
need to be matched at three different frequencies. The funda-
mental input source needs to be coupled evenly to the four
tripler diodes, the third harmonic generated by these diodes
needs to be perfectly coupled to the diodes mixer, and the
mixer diodes should be matched optimally at RF frequencies.
These conditions have to be fulfilled during a same simulation
optimization run.

This type of circuit might present converging issues when
performing an harmonic balance simulation with the standard
parameters found in ADS software [5]. This is particularly true
when it is simulated over a large bandwidth. The methodol-
ogy for optimizing the circuit in order to reach an optimal
conversion loss consists in several steps which have been
described in [3]. As a first step, the tripler and mixer diodes

1see http://virginiadiodes.com

Fig. 2. Design and Analysis methodology for circuits composed of multiple
non-linear elements.

optimum impedances are found using the ADS harmonic
balance program during two separated simulations. During
these simulations, we consider realistic input power conditions
(respectively estimated at 20 dBm at multiplier stage input
frequency for the tripler diodes and at 2 dBm at LO frequency
signal for the mixer diodes). The values of the impedances are
found to be ZRF = 53+jx43 and ZLO = 91+jx137 for the mixer
diodes and Zin = 37+jx3 and ZLO = 21+jx1 for the tripler
diodes. A second step consists in moddelling each sub-circuit
with a 3D-EM sofware (Ansys HFSS) and using the resulting
Sparameter files for an optimization of the distributed circuit
in Agilent ADS. The transmissions coefficients are optimized
(D1) to reach an ideal of magnitude of 0.7 for the RF input
port to the mixer diode ports, 0.5 for the LO input signal to
the tripler diode ports and 0.3535 for the tripled signal to each
of the mixer diodes. Adapted weighting factors are applied for
each of the matching during the optimization. When the non-
linear matching reach the desired coupling with an optimal
tuning, one can verify the results with a harmonic balance
routine.

Despite a good tuning at our frequencies of interest, the
large number of non-linear components makes the circuit
model complex and susceptible to harmonic mixing products.
We will describe the analysis undertaken in order to cross-
check the conversion loss results to the circuit linear matching
value and its spurious responses.

C. Circuit Analysis

The result of a preliminary design gives the opportunity
of better understanding phenomenon occurring in a circuit
susceptible to high harmonic mixing products. A 3D EM
simulation of the total circuit over the full bandwidth with
HFSS is performed. Special care is given to the convergence of
the solution at different frequency. Several frequency sweeps
are put together in a same S-parameters 11-ports matrix (6
for the mixer and tripler diodes, 4 for the RF and inut signal
through waveguides and 1 for the IF output matching).The
matrix is then used in an ADS analysis following the three
steps given in Fig.2 and decribed hereafter.
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1) Overall circuit linear analysis (steps D2 and A0): The
linear analysis gives information on the overall circuit match-
ing between the different ports. This result can be compared
to the optimization performed in step D1. The matching has
slightly shifted from the one found in the distributed model.
The RF and input backshorts can be reoptimized for the non
linear analysis.

2) Overall circuit non linear analysis (steps D2 and A1):
This simulation is performed using the ADS diode model
with the parameters given in paragraph A. The previous 11-
ports matrix is used to take into account ohmic losses at all
frequencies between 100 and 360 GHz (case 1) and 21 GHz
and 360 GHz (case 2). The conversion loss is found for case
1 to be a very flat conversion loss between 6 and 7 dB with
resonnances at 315 and 345 GHz. When the lower frequencies
are taken into account at the mixer diode level (case 2), the
conversion loss average falls to a 10 dB level with resonnances
around 326 GHz and 345 GHz. The resonnance peaks can be
explained by local unbalance seen in the interaction between
the tripler diodes or in the magnitude transmission diagram
of the input signal overloaded at the center diodes ports and
lacking at the extremity diodes ports. The tripler should be
reviewed to avoid such effects (step E0). This comparison
also highlights the importance of isolating the mixer diode
from the frequency band outside the LO band. As a result,
a filter element fulfilling this band requirement should be
designed (step E1). The spectrum of the fundamental and
mixing product signals and their power levels seen by the
mixer diodes are given during a spurious analysis simulated
at the central frequency point.

3) Overall circuit spurious signal analysis (steps D2 and
A2): Spurious signal generation is an issue in non linear
circuits. Studies have been conducted to see the effect of
parasitic spurious signal at different frequencies coming from
bias line or RF port leakage on frequency multiplier output
[6]. In our case we consider the spurious generated from
intermixing product of the signals inside the circuit, and
no outside signal interference is considered. This analysis
is particularly useful to determine if unwanted harmonics or
mixing product are within the IF band and see the different
power levels at frequencies of interest. For this simulations,
we have taken a two tone simulation with repectively 1 and
6 harmonics for the RF and input signals and an intermixing
order of 7. This minimum order level has been set for accuracy
and stability considerations. A significant increase in the signal
power level at the fundamental input frequency lands on each
of the mixer diodes compared to when ideal isolation is done.
This signal appears to be the principal cause of the 3dB
degradation of the mixer average performances observed in
the non linear analysis.

D. Circuit preliminary performances and main considerations
for the final design

The trend of the curve is given with a moving average
algorithm to be 10 dB over 12 percent bandwidth for a circuit
where the input signal is taken into account at the mixer diodes
level.

A second version of the design should consider the effects
highligthed during the preliminary design analysis. The main
issue is that a good isolation of the signal at the fundamental
input frequency propagating in a TEM mode towards the
mixer is needed. We note that in similar combined circuit
where the isolation is performed by geometric means as in
[3] this problem is bypassed by a natural mode selection. The
determination of the maximum acceptable power level helps
to determine further needed rejection. A study is currently
undertaken to integrate a high pass filter with a rejection ≥
10 dB illustrated in Fig.1.

E. Connector Analysis

The combined circuit described in the first part has the
advantage of having the possibility of being integrated in a
block where one face of the pixel contains the feed aperture,
and the opposite face can be dedicated to the local oscillator
input and the intermediate frequency output. The attractiveness
of this configuration is that a full two-dimensional array (n x
m elements, where n and m ≥ 2) is possible.

Fig. 3. On-scale pixel block for n x m arrays. The spacing of the feed horn
is 22 x 32 mm (left) and 16 x 22 mm (right).

The specifications of future instrument are a beam spacing
of a few wavelengths of the array frequency. In this heterodyne
Schottky receiver array, the feedhorn spacing is limited by the
physical size of the back connector and standard flange. This
leads us to difficult packaging constraints as the wavelength
of sub-millimeter frequency signal are on the order of one
millimeter. A first solution with an array consituted of different
connector type could help reducing the beam spacing. An other
solution currently beeing studied is using a LO/IF diplexer.
Indeed, this option give the possibility to have a pixel with only
one connectors at its back face, dedicated to the fundamental
E band input and the IF output. This solution could be used to
a larger scale if injecting the fundamental input signal through
V connectors.

II. CONCLUSION

The single pixel receiver block described here includes a
combined circuit tripler / sub-harmonic mixer circuit at 330
GHz. The large number of non-linear components makes the
circuit model complex and susceptible to harmonic mixing
products. The design methodology is described in order to
enlight the effect of unwanted signal landing on the mixer,
and local unbalance at multipler level. Predicted performance
of a preliminary design suggests a DSB conversion loss with
an average value of 10 dB over 12 percents bandwith with
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a 20dBm input power at E band. An analysis of packaging
constraints is also provided since the spacing between two
horn antennas is limited by the physical size of the local
oscillator and IF connectors on the back face of the pixel.
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Abstract— We describe a novel method of operation of the 

HEB direct detector for use with a Fourier Transform 

Spectrometer. Instead of elevating the bath temperature, we 

have measured the RF response of waveguide HEB mixers by 

applying microwave radiation to select appropriate bias 

conditions. In our experiment, a microwave signal is injected 

into the HEB mixer via its IF port. By choosing an appropriate 

injection level, the device can be operated close to the desired 

operating point. Furthermore, we have shown that both thermal 

biasing and microwave injection can reproduce the same 

spectral response of the HEB mixer. However, with the use of 

microwave injection, there is no need to wait for the mixer to 

reach thermal equilibrium, so characterisation can be done in 

less time. Also, the liquid helium consumption for our wet 

cryostat is also reduced. We have demonstrated that the signal-

to-noise ratio of the FTS measurements can be improved with 

microwave injection. 

I. INTRODUCTION 

The Fourier Transform Spectrometer (FTS) is widely used 

to characterize the frequency response of Hot Electron 

Bolometer (HEB) mixers operating in the Terahertz 

frequency range [1]-[4]. In such measurements, the HEB 

mixer is operated as a direct detector of the thermal source 

which powers the FTS. Appropriate operating conditions 

(i.e. bias voltage and current) are typically set by heating the 

HEB device to an elevated temperature around its critical 

temperature, Tc. This eliminates the need of a THz source to 

pump the HEB mixer.  

It has previously been demonstrated that the injection of 

microwave radiation can be used to replace some of the 

required LO power in a THz HEB mixer [5]-[6]. This opens 

the possibility of performing FTS measurements of an HEB 

mixer operating at liquid helium temperature by applying 

microwave radiation. Given that a large number of scans and 

long integration time are needed for high spectral resolution 

measurements, the microwave injection method allows us to 

avoid the effects of any long term thermal instability 

associated with raising the bath temperature with a heater. In 

addition, there is no need to wait for the mixer to reach 

thermal equilibrium and liquid helium consumption in our 

wet cryostat is also reduced. 

Our experiments show that the I-V characteristics of an 

HEB mixer pumped with microwave radiation differ 

significantly from those obtained with thermal biasing. This 

is in line with prior observations which have shown that the 

NbN film responds differently to microwave radiation [7]. In 

spite of the differences, we will show in this paper that the 

FTS data sets obtained when microwave radiation is applied 

compare very well to the spectra obtained when the device is 

heated.  

In addition, we report on the observed families of current-

voltage characteristics obtained when various amounts of 

heat, microwave, or terahertz radiation are applied to the 

mixer. 

II. EXPERIMENTAL SETUP 

The FTS used in our experiments is based on the Martin-

Puplett interferometer and is housed in a vacuum chamber to 

avoid any atmospheric losses, as is shown in Fig. 1. 
 

 

Fig. 1  A photograph of the FTS instrument 

 

Details of the FTS instrument have been described 

previously [8]. A thermal glower acts as a broadband thermal 

source. Its radiation is chopped at a frequency of 37 Hz and 

divided by a wire grid polarizer made from 25 μm gold 

plated tungsten wires into two beams. The translation stage 

on which the movable roof-top mirror of the FTS is mounted 
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provides a maximum displacement of 15 cm that produces 

spectral resolution of about 1 GHz. However, in our 

experiments, we generally limit our scan length to ~2 cm, 

corresponding to a spectral resolution of about 8 GHz.  

As shown in Fig. 2, the cryostat housing the HEB mixer is 

positioned in front of the FTS chamber, with its anti-

reflection coated crystalline quartz window facing the 

0.5 mm Teflon output window of the FTS. This Teflon 

window imposes a small frequency dependent attenuation 

over the target frequency range of 0.5 – 1.5 THz. 
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20 mV sens., 30 ms time const.

Chopper 

Controller
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Fig. 2  Schematic diagram of the experimental setup 

 

In these experiments, the HEB mixer measured was 

mounted in a 0.8 THz mixer block equipped with a 

corrugated horn feed [9]-[10]. A resistive heater and a diode 

thermometer, attached to the mixer block, allowed us to vary 

and measure the temperature of the block. Fig. 3 shows the 

layout inside the cryostat. 
 

 

Fig. 3  Cryostat layout 

 

The mixer block was connected to a bias-tee through 

which DC bias was applied. This was followed either by a 

low noise cryogenic amplifier for Y-factor characterization or 

by a 20 dB attenuator, which limits broadband noise, and a 

stainless steel semi-rigid cable is used to connect to the 

microwave input port of the cryostat. 

An Agilent analog signal generator (Agilent Technology, 

E8257D) was used to produce a microwave tone up to 

40 GHz for microwave injection. 

III. I-V CURVES OF HEB MIXERS 

In our experiments, we used 800 GHz waveguide HEB 

mixers produced by the technological group of the MSPU. 

These mixers employ a ~3.5 nm thick NbN film produced by 

standard methods of photo- and e-beam lithography. Basic 

properties of the devices are presented in Table I. Devices #1 

and #2 belong to two different batches and although their 

processing was similar, they differ in some features such 

as  I-V and R(T) characteristics. 

TABLE I 
BASIC PROPERTIES OF THE HEB MIXERS USED FOR EXPERIMENTS 

Device 

Characteristics of the misers 

Size of the 

active element 

Critical 

temperature 

Critical 

current 

RN 

#1 0.13×1.2 µm 10 K 220 µA ~130 Ω 

#2 0.12×1.5 µm 11 K 210 µA ~60 Ω 

 

 

 
 
Fig. 4   Families of I-V curves of the HEB mixer (device #1): 

(a) unheated and heated curves; unpumped and pumped curves for incident 

radiation of (b) 0.8 THz; (c) 0.5 GHz; (d) 3 GHz; and (e) 30 GHz. 

Red dots (·) represent bias points at which the FTS measurements were 

made. Dashed (----) line shows hysteresis when I-V curve was recorded. 
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We have studied the I-V characteristics of the two mixers 

measured with varying amounts of applied heat, terahertz 

radiation or microwave radiation. Four families of curves are 

plotted in Fig. 4. 

It can be seen that the I-V curves produced by increasing 

the temperature of the mixer block (Fig. 4-a) most resemble 

those obtained by pumping the HEB mixer with 0.8 THz 

radiation that is above the gap frequency of the NbN film 

(Fig. 4-b). This explains why FTS measurement with thermal 

biasing can be used to derive the frequency response of HEB 

mixers. The curves produced by microwave injection  

(Fig. 4-c – Fig. 4-e) are marked by current switching between 

the superconducting state and the normal state of the NbN 

film. At the low end of the frequency range, the switching 

occurs at the much lower bias voltages. This phenomenon 

will be reported elsewhere [11]. 

 

IV. FTS MEASUREMENT RESULTS AND DISCUSSION 

For each family of curves shown in Fig. 4-a, 4-c – 4-e, we 

have selected bias points marked by red dots in the figure, at 

which FTS measurements were performed. These bias 

conditions were chosen to generate the maximum signal-to-

noise ratio (SNR) in the interferograms. Fig. 5 shows 

interferograms obtained after averaging 4 scans at each of the 

bias points. It should be noted that for injection at 30 GHz 

the best bias point is found to be on a hysteretic branch of the 

I-V curve close to a current switching bias setting (shown 

with the red dashed (----) line in the figure).  
 

 

Fig. 5  Interferograms, each an average of 4 scans, for HEB mixer #1. The 4 

interferograms from top to bottom were obtained when the device was 

pumped at 0.5 GHz, pumped at 3.0 GHz, heated, and pumped at 30 GHz 
respectively. 

 

We noted that the higher direct responsivities associated 

with these optimal bias settings are related to regions of 

negative differential resistance around the bias points. 

However, in some negative resistive regions, the intrinsic 

noise of direct detection tends to be higher, especially near 

current switching regions exhibited with high frequency 

microwave pumping. 

Referring to Fig. 5, the best SNR was obtained when a low 

frequency microwave radiation was used to pump the HEB 

mixer. The application of heat produced SNR that was 

intermediate between radiation injected at 3 GHz and 

30 GHz. In spite of the difference in sensitivity the central 

fringes of the four interferograms are largely identical when 

normalized. In Fig. 6, we display a pair of normalized 

interferograms for comparison.  
 

 

Fig. 6  Normalized response of the FTS when 0.5 GHz microwave radiation 

is applied (green line           ) or when heated (red marks + + + ). 

 

Standard techniques [12] of data apodization of the 

interferograms with a Hann window followed by a discrete 

Fourier Transform were used to derive the frequency 

response of the HEB mixers. In Fig. 7, we compare the 

normalized power spectra, or frequency response, of HEB 

mixer #1, obtained when heat or microwave radiation was 

applied. 
 

 

Fig. 7  Normalized power spectra for HEB mixer #1, obtained either through 
application of 0.5 GHz, or 3 GHz radiation or by heating the device. 
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In each curve, the spectral resolution is ~8 GHz, and the 

spectral response is centered at about 820 GHz. Furthermore, 

the shape of the spectral response obtained under different 

conditions remains constant. Fig. 8 displays a pair of 

normalized power spectra for mixer #2. Here the responses 

are a little different, but both show a significant dip at 

760 GHz, which we attribute to attenuation from an 

atmospheric water line. Again, the mixer response to 33 GHz 

radiation agrees quite well to that obtained by mixer heating. 
 

 

Fig. 8  Normalized power spectra for HEB mixer #2, obtained either through 
application of 30 GHz radiation or by heating the device. 

 

V. CONCLUSIONS 

We have successfully used microwave radiation to study 

the input bandwidth of HEB mixers with the help of an FTS. 

Our experiments demonstrate a certain equivalency between 

applying heat and microwave radiation for setting an 

appropriate pumping level of the HEB mixer in an FTS 

measurement. 

We have carefully compared FTS data observed when 

microwave radiation or heating was used and found that 

microwave pumping can also reproduce the normalized 

power spectra derived from heating the device. In particular, 

we have shown that by lowering the injected microwave 

frequency, a higher responsivity can be achieved for certain 

bias points, usually associated with noticeable negative 

differential resistance. 

Finally, we have compared I-V curves of HEB mixers 

pumped by a 0.8 THz LO source or applying heat to those 

obtained under different amounts of applied microwave 

radiation. We notice that in the microwave regime below the 

superconducting gap frequency, the I-V curves are marked by 

current switching between the superconducting and normal 

states.  
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Abstract—We present results of the microfabrication of Joseph-
son Junctions (JJs) of Superconductor-Normal-superconductor
(SNS) type, as a first step in the acquisition of the know-how
of superconducting devices applied to radioastronomy. A two-
junction SQUID was built using a Nb/Al bilayer deposited on
a Si wafer. The procedure needs only one mask and a single
UV exposure (i.e., one photolithography step). We show the
micrograph and the observed non linear characteristicI-V curve
at 4K of the first device fabricated in the framework of ALMA
Grant 31090010.

I. I NTRODUCTION

Almost 50 years ago, using the tunnel quantum effect
and the BCS theory Josephson predicted the tunneling of
Cooper pairs between two superconductors (S) through an∼
1 nm insulating barrier (I) [1]. This was the starting point
of the development of Superconducting Tunneling Junctions
(STJs) for sensitive superconducting quantum interference
device (SQUID) magnetometers, detectors and mixers for
astronomical applications.

The Atacama Large Millimeter Array (ALMA, 1995-2012)
radio telescope is an array of 64 antennas of 12 m-diameter
to observe the Universe from the Atacama desert (Chile) at 5
km altitude, where the sky is exceptionally dry and clear. This
facility will be the world’s most extensive superconducting
receiver system with 10 bands in the 31.3 - 950 GHz ( =
9.6 - 0.3 mm) range providing detailed images from galaxies,
stars and planet formation and will be useful for testing
cosmological models. Superconducting devices are essential
for mm-submm radioastronomy, and measurements of most
ALMA bands are only possible by the use of STJ-based
detectors [2].

We present here the first experimental results of the ALMA
Grants 31070019, 31080012 and the current 31090010, de-
voted to research and training on superconducting devices for
astronomical applications, and also to develop the relevant
know-how on Superconductivity in Chile, via Ph.D. theses
focused on the new technologies used in radio telescopes.
Additionally, this project intends to strengthen the scientific
collaboration among local groups and research centers abroad,
specifically Caltech/JPL (USA) and Centro Atómico Bariloche
(CAB, Argentina).

II. T HEORETICAL BACKGROUND

In 1962 Brian Josephson, then a twenty-two year old
graduate student, made a remarkable prediction [1] that two
superconductors separated by a thin insulating barrier should
give rise to a spontaneous (zero voltage) DC current.

The lossless tunneling current was found to depend upon
the difference between the phases of the condensate wave
functions for the superconductors on each side of the barrier
as

I(t) = Ic(T ) sinφ(t) (1)

whereφ is the phase difference andIc(T ) is the maximum
current that can be driven through the junction without dissi-
pation.

When a DC potentialV0 is present across the barrier,φ
varies in time as:

dφ

dt
= 2eV0/h̄ (2)

A Josephson Junction can be described in terms ofweak
links. The weak link can be an insulating layer (SIS junction),
as Josephson originally proposed, or a normal metal layer
(SNS junction) made weakly superconductive by the so-called
proximity effect(in which Cooper pairs from a superconduct-
ing metal diffuse into the normal metal).

Fig. 1. Proximity effect SNS Josephson junction [3].

In the SNS junction, the normal metal coherence lengthψn
sets the length scale andIc falls with the thicknessd of the
normal region ase−ψ/d [3].

We can consider a Josephson junction with aI-V charac-
teristic given by (1) to be in parallel with a capacitorC and
a shunt resistanceR. If we connect this junction in series
with a current source as is shown in Fig. 2, we can analyze
the system using the so called resistively and capacitively
shunted junction (RSJC Model) whereR is the resistance in
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the finite voltage regime, whileC reflects the capacitance of
the electrodes.

Fig. 2. Equivalent circuit of a Josephson junction by the RSJC model [3].

Within the RSJC model, the time dependence of the phaseφ
is given by the voltage resulting from the parallel distribution
of the bias currentI in the 3 channels of Fig. 2.

I = Ic sinφ+ V/R+ CdV/dt (3)

Using (2) and (3) and for a small capacitanceC the
system is overdamped. The resulting (scaled)I-V dependence
is shown in Fig. 3.

Fig. 3. Overdamped characteristic curve [4].

III. SAMPLES FABRICATION

We have built proximity effect SNS junctions, using the
technique of UV Photolithography to define a circuit on a
thin film bilayer of aluminium (Al) and niobium (Nb) using a
Cr metalized glass plate as photo mask, containing the pattern.
The bilayer was deposited by magnetron sputtering on a single
crystal Si wafer.

The samples were made at the Centro Atómico Bariloche
by the following microfabrication process:

1) Metallic Layers Deposition: After reaching a pressure
of 10−7 Torr, the Ar plasma is turned-on at 50 mTorr.
First an Al thin film is grown on the Si substrate by
RF magnetron sputtering. Then without breaking the
vacuum, a Nb thin film is grown on top of the Al by DC
magnetron sputtering. Deposition ratios were 40 nm/min

for Al, using 50 W of RF power and 80 nm/min for
Nb using 100 W of DC power, both at pressures of 10
mTorr.

2) Resist Application: Spin-coating was used to form a thin
layer of UV-sensitive photo resin (positive Microposit
1400-31). This was soft-baked at 90◦C for 120 sec-
onds. The sample was exposed for 5 seconds to UV
light through the photo mask. Then we removed the
more soluble (UV-exposed) regions by using microposit
developer, and after this the sample was hard-baked at
120 ◦C for 120 seconds.

3) Dry Plasma Etching: The metallic layers not covered by
the resist are removed using Reactive Ion Etching (RIE)
with SF6 gas.

4) Stripping: Removal of resist with acetone.
5) Electrical contacts: Four-point contacts were made using

epoxy with silver particles (Epotek) and gold wires.

Fig. 4. Fabrication process.

IV. EXPERIMENTAL WORK

We characterized the metallic deposition rate of the sput-
tering machine by using an UV-Lithography-based technique
using the following steps: 1) Photolitography with positive
photo resin over Si wafer. 2) Sputtering. 3) Lit-Off with
acetone. 4) Measurement in optical profiler (OP).

To measure the resin thickness with the OP, gold or silver
were sputtered on the surface.

The etching rate was measured by producing a step in the
film by attacking an uncovered region with RIE, using SF6
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Fig. 5. Photograph of the bi-layer fabrication with niobium(left) and
aluminium (right) sources by magnetron DC/RF sputtering under argon
atmosphere.

reactive gas. The electrical power used was 300 W at 10 mTorr
(for Plasma generation) and 70 W (bias power for acceleration
against the sample). The step height was measured using the
OP.

The Tc of the Nb/Al bi-layer is determined from the
magnetizationvs temperature curve measured with a SQUID
magnetometer in Zero Field Cooling (ZFC) and Field Cooling
(FC) temperature sweeps (Fig. 6).

The patterned sample (Fig. 8) was mounted in a cryostat
(Fig. 7) and theI-V characteristic was measured at 4 K in
zero applied magnetic field (Fig.9).

Fig. 6. Magnetizationm(T ) vs temperature of the Nb (200 nm)/Al (200
nm) bi-layer control sample. The measuredTc is 7.8 K

V. CONCLUSIONS

The resultTc ∼ 8 K shows the acceptable quality of the
Nb (S) layer. According to the Resistively Shunted Junction
(RSJ) model [4], [5] the characteristic curve qualitatively cor-
responds to a junction with negligible capacitance. Quantum
interference experiments applying magnetic field on the double
SNS-junction loop are being prepared. We are beginning to
build SNS junctions, as a starting point in the study of
superconducting devices for radioastronomy. The construction
and testing of new SNS and SIS junctions in a complete
detection system is being planned.

Fig. 7. Sample mounted on the cold finger.

Fig. 8. Micrograph of the first sample. The patterned Nb layercan be seen.
The two gaps form the SNS junctions, the Al layer below provides the normal
metal path between the superconducting strips. This circuit forms a two slit
SQUID.

Fig. 9. I-V characteristic curve of the sample at 4K and zero magnetic field
showing the damped characteristic as in Fig. 3 [4]
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Abstract— We present the results of an ongoing effort to 
improve the sensitivity of the Submillimeter Array (SMA) 660 
GHz receivers, including upgrades to the local oscillator (LO) 
units, improved telescope–receiver coupling optics, and 
upgraded 660 GHz mixers and receiver inserts.  New tunerless 
varistor multiplier chains have resulted in increased local 
oscillator (LO) power across the frequency band (> 10 !W) and 
have enabled the upgrade of receiver coupling optics inserts, 
including the use of a fine (400 lines-per-inch) metal mesh as an 
RF/LO diplexer.  This has resulted in a decrease in overall 
system complexity and an improvement of about 0.5 dB in 
signal beam transmission.  This work has focused on improving 
the performance of the double sideband (DSB) SIS receivers 
designed for operation in the 630-700 GHz frequency range.  In 
collaboration with University of Köln (KOSMA), a new batch of 
660 GHz Nb/Al-AlOx/Nb SIS devices with end-loaded stub 
integrated tuning structures was designed and fabricated.  We 
present an overview of this work and a summary of 
performance achieved both in a laboratory liquid helium cooled 
cryostat and in the SMA cryostat environment.  First-light SMA 
observations with an upgraded 600 GHz receiver insert are 
shown.     

I. INTRODUCTION 
The Submillimeter Array (SMA) is the world’s first 

operational interoferometric telescope for submillimeter-
wave astronomy.  It is an eight-element array of 6 meter 
antennas with baselines ranging between 25 and 500 m 
resulting in high resolution observational capabilities (e.g., 5 
to 0.25 arcseconds at 350 GHz). Each antenna contains a 
cryostat that houses heterodyne receivers covering four 
frequency bands including 180-250 GHz, 266-355 GHz, 320-
420 GHz, and 600-700 GHz [1-2] (Fig.1).  Polarization 
diplexing enables simultaneous observations with low and 
high frequency receiver pairs.  An IF bandwidth of 4-6 GHz 
in dual frequency operation mode and 4-8 GHz with single 
frequency operation is now achievable with recent upgrades.  
The move to wider IF operation and the need for 
improvement in receiver sensitivity, especially for the high 
frequency bands where atmospheric transmission is 
comparatively poor, has prompted an ongoing effort to 
upgrade the 600 GHz SMA receivers.   

We present results of the 600 GHz receiver upgrade work, 
including outfitting the 600 GHz LO units with new tunerless 
varistor multipliers capable of delivering more output power 
across the frequency band, upgrading the telescope – receiver 
coupling optics to eliminate the Martin-Puplett RF/LO 
diplexer and improve signal transmission, and the 
development and characterization of new SIS devices 

optimized for performance over the 630-700 GHz frequency 
range.  Details of the main focal points of the upgrade work 
are presented in II.  Measurement setup details and the results 
of laboratory characterization of new SIS mixers both in a 
liquid helium cooled test cryostat and in the SMA cryostat 
are provided in III and IV.  A brief summary of this work is 
given in V.  

 

 
Fig. 1  SMA cryostat with upgraded 600 GHz receiver insert, LO unit, and 
coupling optics operating in the lab in Cambridge, MA.  

     

II. 600 GHZ RECEIVER UPGRADE PROJECT 
We present a brief overview of the upgrade project 

including details of the SIS device design and fabrication 
work done in collaboration with KOSMA (A.) and upgrades 
to the 600 GHz LO units and optics inserts (B).  

A. SIS Device Design and Fabrication 
A new batch of 660 GHz Nb/Al-AlOx/Nb SIS devices 

with end-loaded stub integrated tuning structures were 
optimized and fabricated in collaboration with KOSMA.  
They are intended to serve as drop-in replacements for those 
currently in use at the telescope [3-4].  These devices 
incorporate the standard SMA waveguide probe optimized 
for performance over 600-720 GHz [5] and were designed to 
be used with existing mixer hardware.   

Images of the 600 GHz mixer blocks and the SIS device 
integrated tuning structure are shown in Fig. 2.  The mixer 
blocks sandwich the SIS device between a copper bottom 
piece containing a shorted waveguide cavity and a top block 
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incorporating a corrugated feedhorn for coupling incident 
radiation to the device.  Overall device dimensions are 160 
!m x 2 mm x 40 !m and contact to the device is achieved 
mechanically with two spring wires installed in the top block.  
Junctions were designed with an area of 0.95 !m2 and a 
critical current density of 12 kA/cm2.  The devices were 
fabricated on 200 !m thick crystalline quartz substrates (for 
improved device cooling) using e-beam lithography for the 
junction definition at KOSMA.  Wafer runs were carried out 
in 2008 and 2009 and bulk wafer liquid helium diptesting 
performed in Köln reveals overall device-to-device 
uniformity (Fig. 3) with typical characteristics of Rsubgap / RN 
= 14.9, Vgap = 2.83 mV, and RN = 22.8 ".  Wafer post-
processing (e.g., thinning of quartz substrates to 40 !m and 
device dicing) was carried out in Cambridge, MA.  
Subsequent diptest measurements agree well with the 
KOSMA bulk wafer characterization and do not reveal 
performance degradation. 

 

 
Fig. 2  Left: Assembled 600 GHz SMA mixer block.  Right: SEM image of a 
660 GHz SIS device fabricated at Univ. of Köln.  

 

   

Fig. 3  Histogram of the spread in Vgap values measured for CfA-6 batch of 
660 GHz SIS devices.  The mode Vgap value is 2.83 mV. 

B. 600 GHz LO and Optics Insert Upgrades 
The original 660 GHz LO modules incorporated Gunn-

oscillator driven, mechanically tuned multiplier chains with a 
thick Teflon lens at the output.  Because of their particular 
topology and loss incurred by a waveguide isolator, these 
units were capable of delivering only about ≤ 5 !W of 
power across the frequency band of interest.  Upgrading to a 
more tightly integrated Gunn-driven (~100 GHz, 25-35 mW 
output power) tunerless varistor x2 x3 multiplier chain and 
reflective LO optics has resulted in decreased system 
complexity and increased available LO power (at least 10 

!W across the 640-700 GHz band) [6].  Because the signal 
coupling optics configuration was previously limited by the 
amount of available LO power (especially for high frequency 
operation), the original 660 GHz receiver optics inserts used 
a Martin-Puplett Interferometer (MPI) as an RF-LO diplexer.  
Drawbacks of this optics configuration include additional 
motorized actuators required to tune the MPI moveable roof 
mirror and increased RF transmission loss due to the 
insertion loss.  Additionally, the instantaneous bandwidth 
limitation of the MPI is incompatible with the SMA’s 
upgrade toward wide IF operation (e.g., 4-8 GHz current 
capability).  Increased output power availability of the 
upgraded 660 GHz LO units has permitted a revision of the 
RF-LO coupling optics.  A fine metal mesh (400 lines-per-
inch, 20 !m wire thickness) is used to couple the incoming 
signals to the receiver insert, resulting in ~5% LO and ~95% 
RF coupling.  The new coupling optics improves the signal 
beam transmission by about 0.5 dB.   

III. LABORATORY MEASUREMENT SETUP 
We present an overview of the measurement setups used 

to characterize the sensitivity of the upgraded 660 GHz 
mixers both in a laboratory liquid helium cooled test cryostat 
(A) and in the SMA cryostat environment (B). 

A. Liquid Helium Cryostat 
A series of receiver noise measurements made in the 

laboratory in a liquid helium cooled IR Labs test cryostat 
were used to assess the sensitivity of upgraded 660 GHz 
mixers.  Receiver Y-factor measurements were made using 
room-temperature (295 K) and liquid nitrogen cooled (77K) 
absorber loads.  These measurements were made across the 
630-700 GHz frequency band with a 600 GHz LO unit 
incorporating a Gunn oscillator driven, tuneable x2 x3 
multiplier chain from RPG.  A curved mirror was used to 
couple the incident signal to a wire grid diplexer oriented at a 
7° angle for minimal RF signal loss (e.g., 7° corresponds to a 
1.5% loss or 4.5 K at room temperature).  A removable sheet 
metal hood was used to change between ambient and cooled 
absorber loads for Y-factor measurements.   

A photograph of the cryostat interior is shown in Fig. 4.  
The vacuum window of the cryostat was a 0.1” thick 
crystalline quartz window with an 80 !m thick polyethylene 
anti-reflection (AR) coating.  Three layers of 8 mil thick 
Zitex attached to the 77 K radiation shield and to the 4 K 
cold plate were used as infrared blocking filters and a cold 
mirror was used to couple incident RF and LO signals to the 
mixer feedhorn.  The mixer and mirror share the same OFHC 
mount to ensure optimal signal coupling at cryogenic 
temperatures.  A coil of Nb wire was used to generate a 
magnetic field used to suppress the Josephson noise of the 
SIS device and a 4-6 GHz cryoisolator was used both to 
inject the device DC bias and to curb reflections between the 
low noise amplifier (LNA) and the mixer.  The LNA is a 
multi-stage InP HEMT amplifier providing ~25 dB of gain 
and 3.5 K noise across the 4-6 GHz IF.  A room temperature 
IF chain consisting of a MITEQ 4-6 GHz amplifier and a 5 
GHz bandpass filter were used along with an HP power 
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meter to measure receiver total output power for Y-factor 
characterization.     

 
Fig. 4  Left: Photograph of interior of IR Labs liquid helium cryostat (4K 
cold plate).  Right: Photo of upgraded 600 GHz SMA receiver insert 
cartridge.  Vacuum window is located on the bottom along with feed-
through connections.  The radial o-ring vacuum seal on the cartridge is also 
visible. 

B. Laboratory SMA Cryostat 
Fig. 4 shows a photograph of an upgraded SMA 600 GHz 

receiver insert.  The RF and LO signal (provided by the 
Gunn-driven solid state multiplier chain) are combined 
optically prior to entering the insert (see II B and Fig. 1).  
The RF/LO signals enter the insert through an AR-coated 
crystalline quartz vacuum window and pass through several 
layers of Zitex IR-blocking filters mounted to the 70 K 
radiation shield.  A cooled Teflon lens (~100 K at the lens 
center) mounted to the 70 K shield is used to couple the 
incident signals to the mixer feedhorn.  The SIS mixer sits at 
the heart of the receiver insert and during operation, the 
mixer mount is connected to the cold head of a closed-cycle 
Joule-Thomson mechanical cryocooler with multi-layered 
high-purity copper heat straps to minimize thermal losses.  
The mixer is connected via a 6” stainless steel semirigid 
cable to a 4-8 GHz Pamtech cryoisolator used to mitigate 
reflections between the mixer and a 4-8 GHz HEMT LNA, 
providing ~30 dB of gain and 9 K noise.  Y factor 
measurements were accomplished by removing the central 
turning mirror used to couple the incident sky signal to the 
receiver optics insert during normal telescope operations and 
directing the beam across the optics cage (Fig. 1) to room 
temperature and liquid nitrogen cooled absorber loads.   

Y-factor measurements across the IF passband were made 
using a sweepable, programmable Hittite 10 MHz-20 GHz 
signal generator to supply a 2nd LO for a room temperature 
mixer.  A 2-18 GHz Krytar power splitter was used to supply 
the 4-8 GHz receiver IF to the RF input of the 2nd mixer.  The 
signal generator was swept from 3-9 GHz in steps of 0.1 GHz 
and the resulting signal (2nd IF = 650 MHz) total power was 
detected with an HP power meter.  Measurements were 
recorded for the receiver looking at room temperature and 
cooled absorber loads.       

IV. RESULTS 

We present the results of receiver characterization in the 
liquid helium cooled cryostat (A) and in the SMA cryostat 
environment (B).  

A.  Liquid Helium Cryostat Performance 
A comparison of SIS DC-IV characteristics between 

diptest data and measurements made in the liquid helium 
cooled cryostat reveal that the device is operating near 4.2 K 
with Vgap = 2.83 mV, Rsubgap / RN = 20, and RN = 26 ".  
Using the measurement setup described in III A, a series of 
Y-factor measurements were made for the upgraded 660 GHz 
mixer in the lab test cryostat over the 630-700 GHz 
frequency range.  These measurements resulted in Y factors 
spanning 1.94-2.22 (with best performance ~ 670 GHz).  
This corresponds to double-sideband (DSB) receiver noise 
temperatures of Trec= ~100-150 K.  Mixer conversion loss 
was calculated over this frequency range and resulted in ~2-5 
dB conversion loss.  A comparison was made with Y-factor 
measurements obtained using a 600 GHz SIS device from an 
older batch with characteristics typical of the devices 
currently being used at the telescope.  We observed good 
improvement in sensitivity; Trec spanned ~160-220 K for the 
older device in the same test cryostat measurement setup. 

 
Fig. 5  Typical DC-IV curves and total power (PV) measurements made for 
the upgraded 660 GHz receiver insert in the lab SMA cryostat.  Device bias 
parameters and Y-factor results are shown. 

B. SMA Cryostat Performance 
After characterization in the liquid helium cryostat, the 

same 660 GHz mixer was incorporated into an SMA receiver 
insert and its performance was measured in a laboratory 
SMA cryostat (see III B for a description of the setup).  DC-
IV curves taken in the SMA cryostat reveal that the device 
was operating at a warmer temperature (~4.8 K) than in the 
liquid helium cooled cryostat, with Vgap = 2.80 mV, 
Rsubgap/RN = 16, and RN = 25 ".  Typical SIS device DC-IV 
curves and swept total power curves at 684 GHz are shown 
in Fig. 5.  Y-factor measurements over the frequency band of 
interest reveal elevated noise temperatures compared with 
results in the liquid helium cryostat, with Trec = ~190-280 K 
over 630-700 GHz (Fig. 6).  The observed difference in 
sensitivity is likely attributable to multiple factors, including 
warmer device operating temperatures and increased IR 
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loading in the SMA cryostat environment (e.g., ~100 K 
Teflon lens in SMA insert vs. 4 K mirror in the test cryostat).  
As described in IV B, Y factor measurements were made 
over the 4-8 GHz IF passband for the receiver operating at 
632 GHz.  The results are shown in Fig. 7 and reveal that the 
upgraded receivers provided a wider IF coverage of up to > 7 
GHz which fits into the recent IF bandwidth upgrade of the 
SMA.  These measurements were limited by resonance 
effects observed at ~7.5 GHz with the bias tee supplying the 
SIS DC.  The bias tee will be replaced in the future. 

 
Fig. 6  Measured Trec (left, blue) and mixer conversion loss (right, pink) over 
the 620-696 GHz frequency range for a receiver insert with an upgraded 660 
GHz mixer operating in the laboratory SMA cryostat.   

 
Fig. 7  Y-factor measurements made at 632 GHz over the 4-8 GHz IF 
passband for an upgraded 660 GHz receiver in the SMA cryostat.  
Measurements made from 3-9 GHz in steps of 0.1 GHz looking at a room 
temperature and liquid nitrogen cooled loads.  Resonance effects with the 
bias tee used to provide SIS device bias are apparent at ~7.5 GHz.  

C. First Results at the Telescope 
New 660 GHz devices have been incorporated into several 

receiver inserts now at the SMA.  One of these upgraded 
inserts has been operating at the telescope since the 
beginning of the 2009 fall-winter observing semester and the 
other was shipped for installation last week.  Observations 
were recently made at 658 GHz toward the evolved star VX 
Sgr, the brightest submillimeter water maser, as part of recent 
600 GHz receiver testing.  The resulting spectrum 
representing the vector-average of all baselines with the 
antenna containing a new 660 GHz receiver is shown in Fig 
8.  Observations were made with the SMA operating in “very 
extended” configuration, corresponding to a maximum 

baseline of 500 m and a synthesized beam of < 0.25 
arcseconds during very good weather conditions 
(atmospheric opacity at 225 GHz ~ 0.05).  The frequency 
resolution of the spectrum is ~ 1 MHz.  

 

 
Fig. 8  Spectrum at ~658 GHz toward VX Sgr made with the SMA.  
Spectrum is vector average of all baselines containing Antenna 2 (with 
upgraded 660 GHz receiver insert).     

V. SUMMARY 
We report on the status of an ongoing project to upgrade 

the performance and sensitivity of the 600 GHz SMA 
receivers.  The LO units have been upgraded with new 
tunerless varistor x2 x3 multiplier chains, resulting in 
increased LO output power (>~10 !W) across the 640-700 
GHz frequency range.  This has enabled the receiver 
coupling optics to be upgraded.  A fine metal mesh is used as 
an RF/LO diplexer instead of a MPI, resulting in less overall 
complexity and has improved signal beam transmission by 
~0.5 dB.  New SIS mixers were designed, fabricated, and 
characterized in collaboration with Univ. of Köln for 
operation in the 630-700 GHz frequency range.  Results of 
laboratory Y-factor measurements are presented for operation 
in both a liquid helium test cryostat and in the lab SMA 
cryostat.  DSB Trec of 100-150 K were achieved over the 
design frequency range in the liquid helium cooled cryostat.  
This shows good improvement compared with the sensitivity 
of typical SIS devices currently in use at the SMA measured 
under the same laboratory operating conditions.  Y-factor 
measurements made across the IF passband indicate that the 
upgraded receivers provide wider IF coverage, up to > 7 
GHz, which fits into the recent IF bandwidth upgrade of the 
SMA.  First-light observations with an upgraded 660 GHz 
SMA receiver insert are presented.     
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Abstract

The ALMA band 9 receiver cartridge (600-720 GHz), which currently is in full production, features two
single-ended (dual sideband) SIS mixers in orthogonal polarizations. In the case of spectral line observations,
the integration time to reach a certain desired signal-to-noise level can be reduced by about a factor of two
by rejecting the unused sideband.

A design study for a modular sideband-separating (2SB) mixer, suitable for retrofitting with minimal
impact into the existing band 9 cartridges, has been presented on this conference last year. The design builds
on the monolithic proof-of-concept 2SB mixer that was developed at SRON over several years.

Here, we present the first implementation of the modular 2SB mixer concept. A mechanical prototype
(omitting the RF structure) was manufactured, and several improvements were fed back into the design.
After that, a full prototype was produced, using micro-milling for the RF structures. We hope to present
the first noise temperature and sideband separation resultsof the new mixer.
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Abstract— A methodology for the modeling of superconducting-

insulator-superconducting (SIS) junction arrays will be 

presented and compared with measured results. In many cases, 

junction arrays (either in parallel or series) are treated as a 

single equivalent junction.  The APEX Band 3 (385–500 GHz) 

receiver design has been implemented with two junctions 

connected in parallel via a section of inductive microstrip line.  

In this case, it is desirable to separately model each junction as 

the pumping between junctions is no longer symmetrical across 

the entire band. Since the performance of the SIS junction 

depends on its terminating network, a complicated interaction 

occurs when another junction is part of the embedding 

impedance and, therefore, there remain aspects of its 

performance that are difficult to analyse.  A simplified model, 

demonstrated with MATLAB, will be given and compared with 

a more complete model implemented using a common circuit 

simulator, Agilent ADS.  In both cases, each junction is 

represented by a quasi 5-port network determined using the 

quantum theory of mixing.  The model is then used to predict 

the performance of the APEX Band 3 mixer and compared with 

measured results. 

I. BACKGROUND AND MOTIVATION

One common topology for superconducting-insulator-

superconducting (SIS) mixer design is to use parallel 

junctions connected by a section of inductive microstrip line.  

This has been referred to as the twin junction, as in [1], 

parallel-connected twin junctions (PCTJ) in [2] and an 

asymmetric “two-feed” configuration [3].  The twin junction 

has a wide operating bandwidth, as first proposed in [4], and 

improved power handling, as is common to all junction 

arrays.  The twin junction also offers a unique advantage due 

to its self-terminating structure such that the dependence of 

the admittance of the connecting circuitry (i.e., the probe) is 

reduced; that is, for each junction the opposite junction is in 

parallel with the rest of the circuit admittance.  

The twin junction may be impedance matched using 

values realizable with microstrip transmission line, given the 

SIS junction fabrication constraints.  A simplified 

waveguide-based design approach consisting of an E-probe, 

microstrip quarter-wave transformer, and twin junction is 

outlined below: 

• Choose the lowest reliable RNA for fabrication of 

the wafer, since lower RNA implies broader 

bandwidth (where � � ����� � ����	
�� is a 

measure of bandwidth, RN is the normal state 

resistance, CJ is the junction capacitance, A is the 

junction area, and CS is the specific capacitance).  

A good design value is ~20–30 � µm2. 

• Design an RF probe with the lowest achievable 

impedance covering the frequency range; often 

resulting in a value approximately 35 �. 

• Choose a suitable characteristic impedance for 

the microstrip quarter-wave transformer.  

Fabrication constraints limit the upper range of 

characteristic impedance of the microstrip to 

around 13 � (given a single deposition process 

step of SiOx with a thickness between 100–

300 nm and minimum Nb line widths of ~5 µm). 

• With the given probe and quarter-wave 

transformer impedances, this results in a 

transformed impedance of a few Ohms.  Since 

SIS junctions have an RF impedance 

approximately equal to RN at these frequencies of 

interest, the twin junction circuit has an 

impedance close to ���� at the mid-band 

frequency, therefore a target RN of ~6–8 � is used 

and the junction size determined. 

• The length of the microstrip connecting the 

junctions is chosen so that the input impedance of 

the twin circuit has a resonance centred within the 

band.  

As can be seen from this approach, impedance matching to 

the probe (or coupling at RF) is emphasized.  Following this 

methodology, a promising design for the APEX telescope 

receiver band 3 (385–500 GHz) was shown in [5].  It is 

novel, employing a key integration of the LO coupler which 

drives many features of the design.  The coupler, in this case, 

also serves as the quarter-wave transformer between the 

probe and the twin circuit, and is a hybrid slot microstrip 

coupler which employs the use of slots cut into the ground 

plane to achieve the desired coupling.  Another feature of the 

slots is that the LO feeding circuitry is de-coupled from the 

IF, reducing the IF capacitance. 

Typical results of the mixer chip are shown in Fig. 1 and 

indicated a frequency offset in the noise performance.  

Several key improvements were made in the processing, 

described in [6], yet still the offset persisted.  Furthermore, it 

was difficult to differentiate between the effects of the 

integrated LO circuitry and the matching to the twin SIS 

structure; this served as motivation for a more detailed look 

at the interaction between the two junctions. 
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Fig. 1  Measured DSB results showing a frequency offset in performance.  

Figure is from [6]. 

II. FIRST APPROACH USING MATLAB 

As pointed out in [3], the large signal response (i.e., the 

LO signal) is distributed between the junctions 

asymmetrically across the entire frequency band.  Also, since 

the performance of the SIS junction depends on its 

terminating network, a complicated interaction occurs when 

another junction is part of the embedding impedance and 

aspects of its performance are difficult to analyse.  How does 

the inevitable phase difference between the junctions affect 

the performance? How do the noise components of each 

junction combine? What is the resulting noise and signal 

power delivered to the IF? What role does pumping 

symmetry between the junctions play?   To address these 

questions, each junction was represented using the theory 

outlined in [7]. 

The usual simplifying assumptions were made concerning 

the large signal analysis; a quasi 5-port analysis was used for 

each junction with only the fundamental of the LO 

considered but with the sideband harmonics terminated by 

the junction capacitance [8].   

Fig. 2  Large signal view of twin circuit.  V1 and V2 are the complex large 
signal voltages that determine the pumping level for each junction.  ILO is the 

complex tunneling current through each SIS junction as given in [7], IGen is 

the generating current source of the LO, YCir is the admittance of the entire 
circuit excluding the twin circuit (e.g., the probe and transformer), CJ is the 

junction capacitance, and L is the s-parameter matrix describing the 

inductive microstrip line between the junctions. 

Fig. 2 illustrates the circuit that must be solved for each 

LO frequency.  A simplifying assumption can be made such 

that one may assume that IGen may be adjusted, in amplitude 

and phase, so that V2 has zero phase and some initial 

magnitude [3].  For example, as an initial starting point, the 

LO pumping across junction 2 may be set at  

�� � ��� ���� � �� .  Under this simplification, V1 may be 

found using: 

� �� � ����� � ������� ��
�

and 

� �� � 	���
 � ����
� �
�

where A and B are from the ABCD matrix of the microstrip 

line connecting the junctions.  From this it is clear that the 

pumping symmetry of the junctions is determined by the 

relationship between CJ and the length of microstrip line 

between the twin junctions. 

Fig. 3  Large signal voltage distribution between junctions in the twin circuit 
as illustrated in Fig. 2.  In this case, the length of microstrip line connecting 

the junctions has been chosen to resonate at the middle of the band.  Note 

that the phase difference is the LO phase across junction 1 with respect to 
junction 2. 

Fig. 4  Overview of the small signal modeling approach for the twin junction 

mixer.  Beginning with a measured I-V curve, the small signal admittance 

and noise correlation matrices, YY and HH, are found according to the LO 

pumping levels (e.g. shown in Fig. 3).  The small signal parameters are then 

calculated according to the termination matrix, YT, for each junction (shown 

in Fig. 5).  

Fig. 3 shows how the relative pumping relationship 

between each junction undergoes a reversal above the 
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resonant frequency.  Note that in practice, it is not possible to 

distinguish between the current of each junction during 

measurement and, in realistic tuning, as the LO power is 

optimised, the current through each junction is 

simultaneously established.  In this way, it is seen that Fig. 3 

is a simplification, but it is useful for analysing the pumping 

asymmetry and to therefore better understand the twin tuning 

circuitry.  In paragraph III, the assumption of pumping levels 

is extended by constraining both junctions to a fixed value in 

an effort to more closely replicate practical tuning. 

Fig. 5  Illustration of the embedding impedances, or termination matrix YT, 

of each junction within the twin junction topology.  YCir is the admittance of 

the entire network (i.e. the probe, choke and transformer) excluding the twin 

circuit, CJ is the geometric capacitance of the SIS junction, L is the inductive 
microstrip line connecting the junctions and YMix is the admittance of the 

junction which depends on its terminating matrix.  Note that circuit elements 

are defined for each sideband frequency. 

Using the unique pumping strengths of each junction, �1

and �2, the small signal analysis can be computed as shown 

in Fig. 4 and Fig. 5.  Since the measured I-V curve includes 

both junctions, a new I-V curve for parallel junctions can be 

created by halving the current which is then used to compute 

the small signal noise and admittance matrices, HH and YY.  

The final step is to find the appropriate embedding 

impedance for each junction, referred to here as the 

termination matrix of each junction, YT.  An iterative process 

was used, with RN used as an initial guess at all sideband 

ports for each mixing junction.  Within this initial modeling 

approach, only the small signal parameters delivered to each 

termination matrix were determined.  In other words, the 

responses from each junction were analysed separately and 

not combined. 

In retrospect, the following inconsistencies contributed to 

inaccuracies during this first approach to modeling.  The 

phase difference of the large signal voltage between the two 

junctions was not used to correct the phase of the admittance 

matrix of junction 1 (see below for a more complete 

approach).  Furthermore, the measured I-V curve used for 

design was taken from a wafer with the best results achieved 

thus far; however, it was not known at the time that the 

resulting junction sizes were 20–30% smaller from the target 

due to processing.  Nevertheless, the measured data fit the 

simulation reasonably well and a new mask set was created.  

An important result of the study demonstrated that the 

nominal line length between the junctions was previously 

tuned below the middle of the band, and the length was 

reduced from 12.2 µm to 11.5 µm, with a prediction to shift 

the frequency response upwards approximately 15 GHz. 

A. Design of the Mixer Chip 

Of the chips with the integrated LO coupler, several 

options were introduced: ‘A’ designs were matched for best 

impedance match to the probe, and ‘B’ designs were matched 

with an emphasis to shift the frequency of the nominal design 

approximately 7% higher.  Each design also included a 

variation of the microstrip line length between the junctions 

to account for a ±10% deviation in junction capacitance.  For 

example, A1, A2, and A3 designs incorporated a line length 

of  -1, 0, and +1 µm with A1 corresponding to an upwards 

shift in frequency.  Another layout was included in the mask 

that did not include the LO circuitry, but instead used a single 

microstrip line as an impedance transformer (referred to here 

as ‘C’ design).  

Fig. 6  Close-up of the mixer chip layout for designs 'A' and 'B' (left) that 

have the integrated LO coupler, and 'C' (right) using a single quarter-wave 

transformer. 

Fig. 7  Photo of the ‘B’ design incorporating the LO coupler on the chip.  

The dashed lines indicate the placement of the chip within the LO and RF 

waveguides of the mixer block. 

Fig. 6 to Fig. 9 show the design and simulated results for 

the key components of the chip design.  Two identical chokes 

are used to isolate the LO and IF from the signal.  The signal 

is coupled through a probe with a high impedance line that 

serves as a path for both the IF output and DC biasing [9].  A 

bond-wire from the middle section of the RF probe serves as 

the DC ground (see discussion below).  The LO is coupled 

through a separate waveguide probe and combined through a 

hybrid slot microstrip coupler located on the first section of 
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the RF choke; the coupler also acts as a quarter-wave 

transformer.  Following the transformer is the twin circuit.  

The termination on the coupler is formed from Nitrogen-

doped sputtered Titanium alloy as described in [10].  The 

surface resistivity is chosen close to that of the coupler port 

impedance, and a small section of inductive line is used to 

compensate for its capacitive nature. 

Fig. 8   Simulation of the RF probe with complete choke structure. 

Fig. 9  Simulated response (bottom) and photograph (top) of the integrated 

LO coupler with resistive termination.  The coupler is formed from 
microstrip, referenced to the first section of the RF choke, and has increased 

coupling from slots cut into the ground-plane.  The twin junctions are shown 
following the coupler. 

B. Measured Results and Discussion 

Of those designs with the integrated LO coupler, only the  

‘A’ designs were measured as the ‘B’ designs were diced 

slightly wider and would not fit within the mixer channel 

without modifying the mixer block.  Despite the variations of 

microstrip tuning lengths, these designs continued to show a 

poor response at high frequency.  Considering Fig. 10, it is 

seen that the A1 designs appear to have a slightly better 

performance at high frequency, but the result is not 

conclusive.  Note that between the A1 and A2 designs, the 

nominal resonant point of the twin circuit was set at 460 and 

430 GHz respectively. 

Fig. 10  Measured DSB receiver noise using the 'A' designs. 

In an effort to understand the effects of the coupler, design 

‘C’ (without the on-chip LO coupler) was tested using a 

micro-machined waveguide LO coupler [11].  Fig. 11 shows 

the substantial improvement in DSB noise when layout ‘C’ is 

used with the cold waveguide LO coupler.   

Fig. 11  Measured DSB receiver noise of 'C' chip layout that uses a cold 

waveguide LO coupler. 

While it is not known the exact reason for the degradation 

with the integrated coupler, the difference in response 

deserves some discussion.  One very important advantage of 

the ‘C’ designs is that the bonding location for the DC 

ground may be moved to the LO end of the RF choke.  This 

is the ideal location to bond as here the choke is most 

effective in isolating the effects of the bond-wire.  With the 

integrated coupler, bonding cannot occur on the end because 

of the LO probe and, due to the relatively large diameter of 

the bond-wire and its added asymmetry, a resonance within 

the choke may occur, as shown in Fig. 12.  From extensive 

simulation, it was determined that through careful control of 

the length and placement of the bond-wire, the resonance 

could be minimized, but, in practice, this is difficult. 

The measured effect of the bonding was compared 

between bonding on the hammer of the choke, as shown in 

Fig. 12, and bonding on the first section of the choke (i.e., the 

LO end) and is shown in Fig. 13.  A clear degradation is seen 

due to the bonding location, but it is apparently not the sole 
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contributor to the troubling performance shown with the 

integrated coupler. 

Fig. 12  Simulated surface current along the RF choke (a top view as shown 

placed in the mixer block channel) with a bond-wire extending from the 

centre-left hammer of the choke to a point on the mixer block, where the 
current intensity is indicated using a colour scale ranging from red (strong) 

to blue (minimal).  The left figure shows a frequency where the bond-wire is 

sufficiently isolated, whereas on the right a resonance involving the bond-
wire is shown at a frequency where the performance is severely degraded.  

The bond-wire has a diameter of 18 µm.  An ideal location for the bond-wire 

is on the upper pad of the choke, where symmetry is preserved and 

maximum isolation is achieved. 

Fig. 13  Effect of bonding when bonded on the hammer as compared to the 

first section of the choke. 

Therefore, it is quite likely that the integrated LO coupler 

exhibits some unexpected performance.  The coupler is very 

sensitive to processing errors especially with respect to the 

slot dimensions and alignment.  Furthermore, the slot widths 

at this frequency have a strong effect on the phase and 

impedance of the coupler, causing a strong slope in the 

coupling and off-centred input matching (as shown in Fig. 9 

and by comparing the physical length of the transformer 

sections in Fig. 6).  Because of increased LO noise coupling 

at these frequencies, the overall noise is impacted.  Finally, 

there may be another unexpected effect since field lines are 

not well confined within slot-line modes.  

III. MODELING WITH AGILENT ADS 

In an effort to improve on the modeling of the SIS twin 

circuit (in particular to account for the large signal phase 

distribution between the two junctions) and to analyse the 

combined response delivered to the IF, the small signal noise 

and admittance matrices were joined into a complete circuit 

using Agilent ADS [12] following a methodology similar to 

that described in [13] for a single junction.  It is appropriate 

to mention here SuperMix (an extensive software package 

that is used by several groups in SIS junction array designs) 

that uses the theory of [7] in addition to a harmonic balance 

analysis of the LO [14].  One motivation within this paper is 

to perform a simplified analysis using a circuit simulator 

familiar to many designers across the industry. 

Fig. 14  Large signal pumping magnitude and phase between junctions in the 

twin circuit.  In this case it is assumed that neither the left nor right junction 

may exceed some maximum pumping level (in this case 0.4). 

In this setup, the pumping distribution of the LO was 

determined in the same manner as described above.  It is 

important to recall that the phase of the down-converted IF 

signal is a function of the phase difference between the LO 

and RF signals at each junction.  One may assume that this 

relative phase difference between the LO and RF is the same 

for each junction in the twin circuit, i.e., both the LO and RF 

undergo the phase change as illustrated by Fig. 3.  

Additionally, the spatial separation of the junctions at IF is 

negligible so that the down-conversions from each junction 

add in phase.  In order for the small signal conversions to add 

in phase, the small signal admittance matrix of the first 

junction, YY1, must be modified according to 

� ���� !
" � ���� !�#� $!
%� �&
�

where � is the phase of the LO voltage and m and 

n = 0,±1,±2 representing each sideband of the 5-port network 

following [7].  Eq. (3) is identical to that found in [3].  Note 

that it is not necessary to modify the noise correlation matrix, 

HH1, since it is assumed here that the noise between the two 

junctions is not correlated (this is also stated in [7]). 

Following the steps outlined in [13], each junction in the 

array was first represented as a noiseless 5-port uniquely 

described by its LO pumping, measured I-V curve, and DC 

biasing.  Instead of fixing the pumping of junction 2 to some 

value, it was assumed here that neither junction may exceed 

some maximum pumping level as shown in Fig. 14. 

The small signal analysis was then set up by the following 

steps.  The “noiseless” admittance matrix of each junction 

was combined with noise current sources at each sideband 

port, shown in Fig. 15, with magnitudes equal to 

� ��'()*� � +,,  � �-
�

with units of .	 /,0� .  Using the noise correlation block in 

ADS, NoiseCorr, the noise currents were related according to 

normalized values 
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To form the twin circuit, the two junctions were attached 

at each port through a pi-network representing the junction 

capacitance and inductive microstrip line as seen in Fig. 16. 

Fig. 15  Network representing each junction of the array in Agilent ADS.  

Noise currents are combined to the "noiseless" linear 5-port network and 

correlated using the NoiseCorr circuit block. 

Fig. 16  Network showing the sideband port connections of each junction 

completing the twin circuit.  Each port consists of a pi-network of the 

junction capacitance, determined by the susceptance calculated at each 

sideband frequency, along with simulated s-parameters of the inductive 

microstrip line. 

Following the notation in [7], lower-sideband ports and 

admittances have been conjugated (e.g., susceptances and s-

parameters have been conjugated). 

The simulation was performed with respect to an LO 

frequency sweep, so the respective embedding impedances 

(i.e., probe and transformer) included a frequency offset for 

each sideband.  Fig. 17 shows the completed twin circuit 

connected to ports containing the respective embedding 

impedance for each sideband (separately modeled). 

Fig. 17  Full twin mixer chip simulation showing the twin circuit connection 

terminated with the respective sideband impedances that contain the 

surrounding circuitry (e.g., the probe and transformer). 
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C. Comparison of Simulated and Measured Results 

Following the earlier discussion above, it is appropriate to 

compare the measured performance with the simulation for 

the ‘C’ layout.  Note that the small signal matrices have been 

calculated from a measured I-V curve typical of the wafer 

(see Fig. 5) using a 2.2 mV DC bias (the complex LO 

tunneling current is close to purely real at this point).  It is 

assumed that RNA = 20 � µm
2
 for the wafer resulting in a 

junction capacitance of 300 fF from junction areas of 3.0 µm
2

(these were the targeted design values verified by dip testing 

of the wafer).  As an initial (though not complete) validation 

step, the IF port was short-circuited; this causes the input RF 

admittance of each junction to appear close to a shunt 

resistance value of RN.  Fig. 18 shows a nice agreement with 

this assertion. 

Fig. 18  Input impedance at the upper-sideband, ZinSB, when the IF port is 

short-circuited using layout ‘C’.  The result closely matches that of the twin 

circuit if each junction is represented as a pure shunt resistance equal to RN. 

An interesting result of the simulation shows that this 

particular circuit appears to have high gain with moderate 

pumping values over the lower half of the band.  

Furthermore, at the higher edge of the band, conversion gain 

drops off and is not improved with increased LO pumping.  

When comparing with the measured results, the pumping 

should be reduced to stable levels (i.e., no generation of 

reflected power and negative conversion gain).  Under these 

conditions, one can see a reasonable resemblance between 

the measured and simulated values when compared with Fig. 

11 above.  The DSB system noise has been modeled as: 

� 6)7)�8�9 �
:;
�
� <=>?

@
� :AB
C�����
C

� �D
�

where Te is the equivalent noise single-sideband noise 

temperature of the circuit, TIF is the noise of the IF chain 

(taken to be 10 K), and S is the s-parameter matrix between 

the ports as illustrated in Fig. 17. 

Fig. 19  Simulated results of the full mixer chip for the 'C' layout showing 

the dependence on LO pumping magnitude, where maximum � = 0.6 (red), 
0.5 (blue), and 0.4 (pink). 

Fig. 20 indicates the noise dependence on the tuning 

length of the microstrip line between junctions.  It is 

interesting to see that centred noise performance does not 

exactly correspond with resonating out the junction 

capacitances at the mid point of the band.  This finding 

appears to be corroborated independently in [2] who found it 

was necessary to reduce the microstrip line length by 15%. 

Fig. 20  Variation of the length of microstrip line between the junctions 

where the length is given as 11.5 (red), 11.0 (blue), and 10.5 (pink) µm.  The 

noise performance of the twin circuit becomes centred as the resonance point 

is shifted towards the upper portion of the band. 

IV. CONCLUSIONS

An overview of the design, measurement, and modeling of 

the APEX band 3 mixer chip (385–500 GHz) has been 

presented.  It was found that the integrated coupler 

contributed to poor performance at higher frequency and, 

while the precise cause is unknown, it is speculated that it is 

due to the size of slots for this frequency range, or that the 

slots in the ground plane enhance vortex penetration in the 

ground Nb layer of the mixer circuitry which causes an 

increasing RF loss as the LO frequency rises (approaching 

70% of the Nb gap frequency).   

Version ‘C’ of the mixer has been installed at the APEX 

telescope ([15]), during March 2010, as the third receiver 

channel of the Swedish Heterodyne Facility Instrument 

([16]). 

 A methodology for simulating SIS junction arrays with 

Agilent ADS has been presented and applied to the twin 

junction design.  It is shown that the twin junction circuit is 

sensitive to LO pumping levels, and that for a centred noise 

performance across the band, the resonance point of the 

junction capacitance should be offset towards the upper part 

of the band. 
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Abstract 

A Superconducting Integrated Receiver (SIR) [1, 2] was proposed more than 10 years ago and has since 
then been developed for practical applications [3]. A SIR comprises on one chip (size of 4 mm*4 mm*0.5 mm) 
all elements needed for heterodyne detection: a low-noise SIS mixer with quasioptical antenna, an Flux-Flow 
Oscillator (FFO) acting as a Local Oscillator (LO) and a second SIS harmonic mixer (HM) for the FFO phase 
locking. The concept of the SIR looks very attractive for many practical applications due to its compactness 
and the wide tuning range of the FFO. Presently, the frequency range of most practical heterodyne receivers is 
limited by the tunability of the local oscillator, typically 10-15% for a solid-state multiplier chain. In the SIR 
the bandwidth is determined by the SIS mixer tuning structure and the matching circuitry between the SIS and 
the FFO. A bandwidth up to 30 – 40% can be achieved with a twin-junction SIS mixer design. All components 
of the SIR microcircuits are fabricated in a high quality Nb-AlN/NbN-Nb tri-layer on a Si substrate [4]. The 
receiver chip is placed on the flat back surface of the silicon lens, forming an integrated lens-antenna.  

Light weight and low power consumption combined with nearly quantum limited sensitivity and a wide 
tuning range of the FFO make SIR a perfect candidate for many practical applications. In particular, the SIR 
developed for novel balloon borne instrument TELIS (TErahertz and submillimeter LImb Sounder) [5] covers 
frequency range 450 -650 GHz. As a result of recent receiver’s optimization the DSB noise temperature was 
measured as low as 120 K for the SIR with intermediate frequency band 4 – 8 GHz. The spectroscopic Allan 
stability time is about 20 seconds; required spectral resolution of about 1 MHz was confirmed by gas cell 
measurements. Results of comprehensive phase noise measurements will be presented. Several algorithms for 
remote automatic computer control of the SIR have been developed and tested.  

A possibility to implement the SIR for ground-based radio astronomy and future space missions will be 
discussed. In particular, details of the on-going project directed on development of the SIR for POrtable 
Submillimeter Telescope (POST), Purple Mountain Observatory, China, will be presented.  

Capability of the SIR for high resolution spectroscopy has been successfully proven in a laboratory 
environment by gas cell measurements. Possibility to use the SIR devices for analysis of the breathed out air at 
medical survey will be demonstrated. Many of spectral lines very important for such survey and medical 
analysis are concentrated in the sub-terahertz range and can be detected by such spectrometer. There is also a 
large niche for applications of integrated spectrometers for the detection of radiation from the newly developed 
cryogenic Terahertz sources. 

The work was supported by the RFBR projects 09-02-00246 and 09-02-12172.  
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Abstract 

In current receiver technology different device technologies are used for different frequency bands.  The 
recent finding

1
 that a plasma source can be used to create tunnel barriers with high quality I,V curves and 

current densities up to JC of 100 kA/cm
2
 creates the opportunity to cover a full band of 350 GHz potentially 

covering several atmospheric windows, for example Band 9 and Band 10 of ALMA. 

We report on the design and technology-development of Niobium based aluminum-nitride barrier tunnel 

junctions with NbTiN/Al striplines. 

The receiver is made by first depositing a NbTiN groundplane and covering it with a Nb/Al/AlN/Nb 

junction layer. This layer is etched away and covered with SiOx except where the junctions will be. Finally the 
Al stripline is deposited. Deposition is done by magnetron (reactive) plasma sputtering. 

For CHAMP+ we are developing both single as twin junction receivers. CHAMP+ is a sky survey telescope 

for band 9 and 10 of ALMA to search for interesting sub millimeter sources. These sources can be examined 
more detailed later by ALMA. 

 
Figure  1 FTS prediction of single junction (full red line) twin junction (dashed red line) and the atmospheric 

transmission at Atacama (blue line).  

  

Fig.1 shows the predictions made for a center frequency of 850 GHz. The width of the band is wide enough 

to cover both band 9 as well as band 10 for CHAMP+ with just 1 receiver. This would make measuring with 

CHAMP+ more efficient. The present design is based on a feed horn and waveguide antenna suited for 

frequencies of 680 GHz and higher. The dip at 1050 GHz is due to the antenna. 

 Results will be presented on mixers based on the current design to demonstrate the potential of the 

technology.   

 

 

                                                
1
 T. Zijlstra, C.F.J. Lodewijk, N. Vercruyssen, F.D. Tichelaar, D.N. Loudkov, T.M. Klapwijk, “Epitaxial aluminum nitride tunnel barriers 

grown by nitridation with a plasma source”, Applied Physics Letters 91, 2007 
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Abstract— We are developing a superconducting Hot-Electron 

Bolometer (HEB) mixer receiver for the 1.9 THz frequency band. 
The microbridge of the HEB mixer was made at room 
temperature from a 6 nm thick Niobium Titanium Nitride 
(NbTiN) film deposited on a 20 nm-thick AlN interface layer using 
a helicon sputtering  technique. The mixer was cooled to 4.2 K by 
using a vibration-free closed-cycle mechanical 4 K pulse tube 
refrigerator. The stability of the HEB mixer receiver was studied 
in the 1.5 THz band by varying the local oscillator power of a 
multiplier chain solid-state source with the bias voltage of the 
mixer fixed. The output power of the intermediate frequency (IF) 
signal had a maximum peak as a function of the bias current of the 
HEB mixer. The receiver noise temperature was minimum at 
around the maximum peak.  It was also found that the IF signal 
was most stable at around the maximum peak. For future use we 
have performed test fabrication of stacked GaAs/Al0.1Ga0.9As 
active layers for the preparation of bound to continuum based 
quantum cascade lasers to be used as a 1.9 THz band local 
oscillator source. The result of X-ray diffraction measurements 
showed that the 120 repeated quantum well structures can be 
deposited with a molecular beam epitaxy (MBE) system within 
0.78 % structural mismatch error. 
 

Index Terms—Terahertz, Hot-electron bolometer mixer, 
NbTiN film, Quantum cascade laser, Radio astronomy, 
Atmospheric research 
 

I. INTRODUCTION 

erahertz band heterodyne spectroscopy of ions, atoms, and 
molecules plays an important role in the study of the 
physical and chemical conditions in both astronomical 

targets and terrestrial and planetary atmospheres. In the 
millimeter/submillimeter wave bands, near quantum-noise 
limited superconductor-insulator-superconductor (SIS) 
receivers have enabled the development of highly sensitive 
ground-based, balloon-borne, and space-based astronomical  
 

 

 
and atmospheric research.  

The Nagoya University Southern Observatory (NUSO) has 
employed mm/sub-mm SIS receives installed on instruments at 
Pampa la Bola in the Atacama desert, Chile (alt. 4860m), to 
carry out a broad range of work on both astronomical targets 
and terrestrial and planetary atmospheres. This work includes a 
large-scale survey of molecular clouds along the Galactic Plane, 
carried out with the NANTEN2 telescope (4m), as well as 
monitoring of millimeter wave band spectral lines of minor 
constituents in the stratosphere and mesosphere such as water 
vapor isotopes, ozone, NOx species, etc [e.g. 1]. In addition, the 
National Institute of Information and Communications 
Technology (NICT) of Japan has succeeded in constructing a 
balloon-borne superconducting submillimeter-wave limb 
emission sounder (BSMILES) in the 600 GHz frequency band  
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T  
Fig. 1. (a) Cross section of the NbTiN HEB mixer. The 400um2 field is 
patterned by an electron beam lithography system. (b) The photograph 
shows a 35mm-diameter FZ Si wafer on which 16 HEB mixer chips are 
prepared. 

(a)                                         (b) 
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[2]. Currently the University of Tsukuba is planning a project 
for a THz radio telescope at Dome Fuji in Antarctica. For such 
projects, the establishment of 1.8-2.0 THz band heterodyne 
sensing   technology is a common thread, which will enable us 
to observe plasma gases such as ionized carbon and various 

highly excited transition lines in the interstellar medium, as 
well as key species involved in photochemistry, such as OH 
radicals in planetary atmospheres. 

In THz frequency band, however, SIS mixers do not function 
since the energy of the incident radiation is sufficient to 
completely break the superconducting cooper pair electrons[3] 
(for niobium the energy gap is ~ 700 GHz, for instance). 
Therefore, superconducting hot electron bolometer (HEB) 
mixers have been actively studied as an alternative sensitive 
heterodyne detector for THz band astronomy and atmospheric 
applications. In principle these superconducting HEB mixers 
can work from millimeter frequencies to far infrared 
wavelength without being limited to RF frequencies.  

The most widely developed THz band heterodyne detectors 
to date have been niobium nitride (NbN) phonon-cooled HEB 
mixers. An alternative is niobium titanium nitride (NbTiN) 
HEB mixers [4-10]. In contrast to NbN films, the hot-electron 
cooling mechanism of NbTiN HEB mixers is not completely 
understood. NbTiN HEB mixers can be easily fabricated on 
quartz substrate, whose low dielectric constant and toughness is 
useful for microfabrication processes such as the lapping of 
THz band waveguide mixer chips. The combination of 
waveguide and horn antenna provides a well-defined beam 
pattern. Both diffusion- and phonon-cooling mechanisms may 
be able to function in the microbridge of  NbTiN HEB mixers 
made by in-situ deposition processes [9,11]. Further study now 
promises to expand the potential performance of NbTiN HEB 
mixers.  

We are developing a 1.9 THz band NbTiN HEB mixer. Since 
our micromachining process for the 1.9 THz band waveguide 
structure is not completely established, at present we have 
employed a quasi-optical antenna for the experimental 

development of our mixers. In addition we are now ordering a 
1.9 THz band solid state multiple chain local oscillator (LO) 
source (Virginia Diodes Inc.). Until the delivery we are 
investigating the performance of our NbTiN HEB mixer by 
using an existing 1.5 THz band multiple chain LO source. 

II. FABRICATION PROCESSES AND DESIGN OF  NBTIN HEB 

MIXERS 

A non-doped high resistivity floating zone (FZ) silicon wafer 
is first cleaned in deionized water with an ultrasound bath. 
Within a 400m×400m field a microbridge, RF choke filter, 
and twin-slot antenna are patterned with an electron-beam 
lithography system. An AlN interface layer is deposited by DC 
reactive sputtering [12], after which a NbTiN superconducting 
thin film is accurately deposited using a helicon sputtering 
technique with an NbTi (weight ratio of Nb:Ti = 4:1) alloy 
target in a mixture of Ar and N2 gas at room temperature. This 
sputtering system was designed and purpose-built on the basis 
of a process simulation [13] and the field pattern is formed by a 
lift off process with a positive photo resist mask. 

In our multi-deposition system, the sputtering room and 
electron-beam evaporation room are connected through a load 
lock room. Without breaking the vacuum, a bilayer consisting 
of a 2 nm-thick Ti interface layer and a 100 nm-thick Au 
contact/electrode layer is deposited on the NbTiN layer. This is 
an in situ technique, which minimizes the impeditive 
deterioration of the NbTiN film surface. The critical 
temperature (Tc ) of a bilayer consisting of a 6 nm thick NbTiN 
film and a 20 nm interface AlN layer on Si wafer was found to 
be 3.0 K higher than the Tc of a 6 nm thick NbTiN film alone. 
However, in our current fabrication process the Tc of the HEB 
mixer is less than 10 K due to the superconducting proximity 
effect induced by the remnant 2 nm thick Ti interface layer. 

Ground plane and IF read out coplanar patterns are 
determined by a photo mask aligner, and 350 nm Al layers are 

 
Fig. 3. I-V characteristic of HEB mixer at optimum LO power and the 
dependence of bias voltage on IF output power.  
 

 
 
Fig. 2. Laboratory HEB mixer receiver system employing a 
vibration-free pulse-tube (PT) 4 K closed-cycle mechanical  refrigerator. 
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deposited. Finally the length of the microbridge is defined by 
the electron-beam lithography system and subsequent 
inductively coupled plasma (ICP) etching with Ar gas. The Ti 
interface layer remaining on the NbTiN microbridge plays the 
role of the etching stopper. A cross sectional view of the HEB 
structures is shown in Fig. 1 (a), and a scanning electron 
microscope (SEM) photograph of sixteen 4mm×4mm HEB 
mixer chips is shown in Fig. 1 (b). In this 1.5 THz band 
experiment an HEB mixer employing an NbTiN microbridge of 
0.3 m in length and 0.5 m in width was studied. The bridge 
size, including the thickness, was adjusted for the insufficient 
pumping power of our 1.5 THz band LO source and the cooling 
operation temperature of the mixer mount (4.2 K). Therefore 
this bridge size was not fully optimized for the sensitivity and 
the IF bandwidth of the HEB mixer. 

 Twin-slot antennae prepared for various frequency bands 
including the 0.2, 0.6, 0.8, 1.5, 1.9 and 2.5 THz bands are 
patterned on the basis of the design reported in [14,15]. The 
structure of the coplanar slot and choke filter are slightly 
re-designed with a high frequency structure simulator (HFSS, 
Ansoft inc.). The frequency responses of the HEB mixers 
measured by a Fourier transform spectrometer (FTS) system 
were in accordance with those predicted by the designs. In the 
FTS system a signal beam emitted from an Hg lump is 
collimated to the mixers by a parabolic reflector. The 
polarizations of the mixers were checked by tilting an inner 
wire grid polarizer set in the evacuated FTS chamber. The ratio 
of co- to cross-polarization was greater than 10dB at 1.9 THz. 

IF output coplanar lines formed on Si wafer are connected to 
an IF Duroid microstrip circuit by bonding wires. The 
reflection and transmission coefficient at this connection was 

designed based on the HFSS simulation. The mixer chip is 
attached to the bottom surface of a hyper hemisphere made of a 
non-doped high resistivity Si lens. This lens should be coated 
by anti-reflection (AR) coating in order to match the impedance 

between the atmosphere and the lens. On Si lenses prepared for 
the 1.9 THz band we employ a 27 um thick layer of Parylene-C, 
which is widely used for printed circuit boards (PCBs) and 
medical and space industry devices. However, for this 
experiment at 1.5 THz, we used a Si lens without AR coating. 

III. MEASUREMENT SETUP 

 The HEB mixer chip was cooled to 4.2 K with a 
vibration-free pulse-tube (PT) 4 K close-cycled refrigerator 
(Sumitomo heavy industries, Ltd.) for which the cooling 
capacity and amplitude of the mechanical vibration are 0.5 W 
and less than 3 m, respectively. The temperature fluctuation 
synchronized to inner He gas circulation is 300 mk with a 
period of about 1.2 seconds, which is greater than that of a 
Gifford McMahon 4 K close-cycled refrigerator with same 
cooling capacity. We inserted various interface metal materials 
between the mount block of the HEB mixer and the 4 K cold 
head, so that the temperature fluctuation at the mixer mount 
block was reduced to less than 2 mK. 

 In this measurement the beam of a 1.5 THz band multiplier 
chain LO source is collimated with a parabolic mirror, and is 
coupled with the blackbody RF signal from slabs of Eccosorb at 
295 K (hot load) and 77 K (cold load) by using a polarized wire 
grid. Because of the insufficient power of the LO source, the 
RF/LO coupling efficiency is reduced to 67 % by the wire grid. 
The vacuum window is 25m-think Kapton film. The infrared 
filter attached to 50 K shield panel is a Zitex G106. 

In front of the HEB mixer, a band pass mesh filter is inserted 
to transmit only 1.5 THz band signal with a band width of 10 %. 
Broad band incident thermal emission ranging from millimeter 

 

Fig. 5. Allan variance (/<v(t)>)2 of the 1.5 THz band NbTiN HEB 
mixer receiver system measured for the four bias current positions 
labeled in Fig.4. Except for bias current position E, corresponding to the 
IF maximum peak, the influence of mechanical vibration on the Allan 
variance can be seen below 1 second.  
 

 
Fig. 4.  Uncorrected receiver noise temperature of HEB mixer receiver and 
IF output power  corresponding to input blackbody temperatures of  hot 
(295 K)  and cold loads (77 K) at 1.47 THz as a function of bias current 
with bias voltage fixed. The bias current is varied by changing the LO 
power. Position  E shows the bias current point corresponding to the 
maximum peak of the IF output power, where the receiver  noise 
temperature was minimum and insensitive to bias current levels. 
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to infrared wavelengths makes it difficult to evaluate the 
performance of HEB mixers accurately because it induces the 
well-known cumbersome bolometric phenomenon known as 
the direct detection effect. This direct detection effect drifts the 
operation bias voltage and bias current, which complicates the 
intensity calibration of observed spectra.    

For the stable bias control of the HEB mixer, we improved 
the Nitsuki 8842 bias control unit used for the operation of SIS 
mixers. The intermediate frequency (IF) signal output from the 
HEB mixer is connected via a bias-tee to a 1.3-1.8 GHz band 
isolator and a low noise HEMT amplifier made in Russia, and 
then amplified by two low noise HEMT amplifiers at room 
temperature. The equivalent noise temperature of this 
cryogenic LNA cooled to 4.2 K is less than 3 K. The linearity of 
the system is checked by variable attenuators. The frequency 
characteristics of the IF signal are evaluated with a spectrum 
analyzer. When the Allan variance of the HEB mixer receiver is 
measured, the IF output signal is narrowed by a frequency 
tunable band pass filter with 15 % bandwidth, and then 
monitored by a square law direct detector.      

IV. MEASUREMENT RESULTS 

A. Receiver noise temperature 

The receiver noise temperature of the NbTiN HEB mixer 
was measured at 1.47 THz by using the Y-factor method on the 
basis of a Callen and Welton radiation law [16]. Fig. 3 shows 
the bias current and IF output power corresponding to the input 
blackbody temperatures of the hot and cold loads measured as a 
function of the bias voltages at the optimum LO pumping level. 
The maximum Y-factor is 0.3 dB at a bias voltage of 0.4 mV 
and a current of 20 A. The lowest uncorrected receiver noise 
temperature was 3400 K. Taking into account only our low 
RF/LO coupling efficiency at the wire grid splitter and the 
reflection loss at the surface of the Si-lens without AR coating, 
this receiver noise temperature is partially corrected to be about 

1600 K for the 1.3-1.8 GHz IF band, which is comparable to 
those of other NbTiN HEB mixers reported previously [6,7]. 
By optimizing the microbridge dimension of the NbTiN HEB 
mixer using an LO source with sufficient power the noise 
performance will be further improved.   

 

B. Stability 

Generally the Allan variance, (A/<v(t)>)2, is measured to 
study the stability performance of the HEB mixer receiver 
system [e.g. 17-19]. Here v(t) and A present the instantaneous 
output voltage of a direct detector and the standard deviation 
(rms voltage), respectively. Firstly in this measurement the 
receiver noise temperature and IF output power as a function of 
the HEB mixer bias current were investigated by varying the 
LO power at 1.47 THz around the bias voltage giving the 
lowest receiver noise temperature. As shown in Fig. 4 we found 
that the maximum peak of the IF output power is a function of 
the bias current. The receiver noise temperature was not 
strongly influenced by bias current at around the IF maximum 
peak.  
  Next, we measured the IF output power at bias current levels 
close to those resulting in the IF maximum peak in order to 
calculate the Allan variance of the HEB mixer receiver. Direct 
detection of an IF signal with a center frequency of 1.5 GHz 
and a band width of 150 MHz  was  measured for 15 minutes 
with a 20 ms sampling speed by using a high speed digital 
multi-meter. As can be seen in Fig.5 we found that the most 
stable condition, where the Allan variance and time are of the 
order of 10-7 and about 10 seconds, respectively, is obtained at 
the bias current level marked E, which gives a moderate 
receiver noise temperature. This mainly seems to be because 
the IF output power is relatively insensitive to the bias current, 
that is to say, the LO power at the IF maximum peak.  
The Allan variance and time obtained for bias current level E 

are better than those measured with a 4 K GM refrigerator as 

 
Fig. 7. Schematic optical design of NbTiN HEB mixer receiver with a 
THz band CW QCL LO source, where an additional superconducting 
HEB mixer is prepared exclusively for the phase locked loop system. The 
HEB mixers and the QCL are assembled on the 2nd stage (4K) and 1st 
stage (50 K) of our PT cryostat, respectively 
 

 
Fig. 6. X-ray diffraction measurement of the stacked GaAs/Al0.1Ga0.9As 
active layers prepared for a bound to continuum based quantum cascade 
laser. 
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previously reported in [10,20]. In other bias current positions 
such as G, F, and H, the Allan variance value and time are 
worse than those for position E.  The convex features seen in F, 
G, and H data at shorter than 1 sec are due to the LO power 
fluctuation induced by the imperceptible mechanical vibration 
of the PT refrigerator. The power of LO source also drifts with 
the change of ambient room temperature. If the temperature of 
the HEB mixer bias unit, IF amplifier chain, and multiplier 
chain LO source were stabilized, the Allan variance and time 
would be further improved. 

V. QUANTUM CASCADE LASER 

Quantum cascade lasers (QCL) promise a continuous-wave 
(CW) solid-state LO source providing sufficient power for THz 
band heterodyne receivers. Several successful demonstrations 
of stabilization in the CW THz band frequency of QCLs have 
been reported by using electronic phase lock loop (PLL) 
systems employing heterodyne mixing techniques [e.g.21-23]. 
We are also planning to integrate a 1.8-2 THz band tunable CW 
QCL as a LO source in our HEB mixer receiver system, where 
the frequency of the QCL should be stabilized by a PLL system 
with a superconducting HEB mixer. In order to prepare such a 
QCL we have attempted the fabrication of quantum well 
structures by using a molecular beam epitaxy technique at the 
photonic device laboratory of NICT. In this fabrication the 
same active layer structure consisting of GaAs-wells, 
Al0.1Ga0.9As-barriers, and an Si doped layer, as reported in [24], 
was deposited 120 times on a semi-insulating GaAs substrate. 
In X-ray diffraction measurements (Fig.6) the sample showed 
good property where the uniformity of the active layer 
thickness was within 0.78 %. With this grown active layer, 
bound to continuum based QCLs will be fabricated 
experimentally, and then the performance such as power, 
frequency, current density and operational temperature will be 
studied.  
 

VI. CONCLUSION AND FUTURE WORK 

In this study HEB mixers employing a 6 nm thick 
superconducting NbTiN microbridge with an 20 nm thick AlN 
interface layer and Ti/Au bilayer by an in situ fabrication 
process were prepared. The best Allan variance was obtained at 
the maximum peak of IF output power where the receiver noise 
temperature is optimum.  

  As shown in our previous paper both phonon- and 
diffusion-cooling mechanisms may function potentially in our 
NbTiN HEB mixers due to this in situ process. Based on these 
results, the basic characteristics and potential performance of 
the NbTiN HEB mixer receiver in the 1.9 THz frequency band 
will be investigated by optimizing the dimensions of the NbTiN 
microbridge and by improving the RF/LO coupling efficiency 
and reflection at the lens surface.  

    In addition we will develop a 1.9 THz band HEB mixer 
receiver employing a continuous-wave QCL LO source with 
stacked GaAs/AlGaAs layers (Fig.7). 
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Abstract 

The terahertz (THz) portion of the electromagnetic spectrum bears an amazing scientific potential in 
astronomy. High resolution spectroscopy in particular heterodyne spectroscopy of molecular rotational lines 
and fine structure lines of atoms or ions is a powerful tool, which allows obtaining valuable information about 
the observed object such as temperature and dynamical processes as well as density and distribution of 
particular species. One example is the OI fine structure line at 4.7 THz. This is a main target to be observed 
with GREAT, the German Receiver for Astronomy at Terahertz Frequencies, which will be operated on board 
of SOFIA. A major challenge for a heterodyne receivers operating at this frequency is the local oscillator (LO). 
THz quantum-cascade lasers (QCLs) have the potential to replace the presently used gas laser LO. A major 
issue is the frequency stabilization of the QCL, because its free-running linewidth is several MHz.  

We report on the frequency stabilization of a THz QCL to the absorption line of methanol gas at a 
frequency of 2.55 THz. The QCL is mounted on the first stage of a pulse tube cooler and operates at a 
temperature of about 50 K. The stabilization method is based on frequency modulation of the laser emission 
across the absorption line. The resulting derivative-like signal is used as error signal for a control loop which 
keeps the laser frequency at maximum absorption. The unstabilized laser has frequency fluctuations of 
15 MHz which are reduced to 300 kHz (full width at half maximum) with the control loop in action. The line 
shape of the locked signal is Gaussian. The achieved linewidth is already sufficient for many applications. For 
example the frequency resolution of a typical heterodyne receiver with an acousto-optical backend 
spectrometer is 1.5 MHz. With a 300 kHz linewidth of the LO this increases marginally to 1.53 MHz. In 
addition, the stabilization scheme is robust and versatile, because it requires only an additional detector and a 
small gas absorption cell, while being applicable even at the highest THz frequencies due to the rich absorption 
spectra of molecules such as CH3OH or H2O. 
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Abstract 

A particularly important transition for astronomy is the OI fine structure line at 4.7 THz. It is an important 
cooling line of the interstellar medium and allows studying the chemical composition, the evolution, and 
the dynamical behavior of astronomical objects. Consequently, this transition is a main target to be observed 
with GREAT, the German Receiver for Astronomy at Terahertz Frequencies, which will be operated on board 
of SOFIA.  

A major challenge for a heterodyne receiver operating at such a high frequency is the local oscillator (LO). 
Despite significant progress in the development of a quantum-cascade laser based LO [1] the baseline design 
for GREAT is an optically pumped gas laser operated at 4.7 THz. In this report we will present the design and 
performance of the 4.7-THz gas laser LO for SOFIA. The LO is based on a radio frequency excited CO2 laser 
which has a sealed-off gas volume and which is frequency tunable by a grating. The CO2 laser is operated on 
the 9P12 transition of the CO2 molecule. The output emission is focused into the THz laser resonator. The 
THz laser is transversely excited. It operates on the 4.75 THz line of 13CH3OH. For frequency stabilization of 
the CO2 laser a small part of its output radiation is guided into a Fabry-Pérot interferometer (FPI) which serves 
as a length or frequency reference. In order to compensate for temperature or pressure induced drifts of the FPI 
length the emission of a frequency stabilized a helium-neon (HeNe) laser is coupled into the FPI as well. The 
FPI is locked to the emission of the HeNe laser. We will present the design and the performance of the LO 
with respect to output power, short and long term power stability, and beam profile. The system is ready and 
awaits implementation in GREAT and operation on board of SOFIA. 
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Abstract—We report on the progress of the design of a
HBV frequency tripler for 0.6 THz. The diode is based on
the InGaAs/InAlAs/AlAs on InP material system, and the diode
material and geometry has been optimised with regards to
conversion efficiency. In designing the diode, it was found that
self heating is the major limiting factor due to the poor thermal
conductivity of InGaAs. The resulting HBV is a two-mesa diode
from a three-barrier material, with a mesa area of 6×3 µm2, and
is estimated to have a 6-7% conversion efficiency and 100 - 150 K
self heating at an input power of 30 mW.

I. INTRODUCTION

The trend in recent space observing projects is to cover
frequencies in the terahertz (THz) gap. In many observing
applications the high spectral resolution from heterodyne re-
ceivers is desired. However, when going from millimetre to
sub-millimetre wavelengths there is a lack of fundamental LO
sources above 200 GHz. Therefore the most commonly used
and efficient solution for LO signal sources is frequency up-
conversion through multiplication by non-linear semiconduc-
tor devices [1].

Today most frequency multiplier circuits are realized using
Schottky diodes. Due to their high performance, balanced
Schottky doublers have become standard as multiplier sources,
and planar Schottky diode multipliers for the THz frequency
range have been demonstrated [2].

An alternative to the Schottky diode is the Heterostructure
Barrier Varactor (HBV). Ever since the invention in 1989, the
HBV diode has been promising for frequency multiplication
to THz frequencies [3]. Today HBV diodes are used as high
power multipliers for frequencies up to and above 200 GHz
[4].

The HBV consists of a wide bandgap semiconductor barrier
spaced between two narrow bandgap, equally doped, semi-
conductor modulation layers. The C-V curve is symmetric,
while the I-V curve is anti-symmetric, and these properties
cause the HBV to only generate odd harmonics. Thereby,
when used as a frequency tripler, there is only need for
circuit matching at the in and output frequencies, and no
idler matching is needed. In addition, there is no need for
DC-biasing, which together with the matching requirements
enables a simple and compact circuit design, making it ideal
for space applications.

Another advantage is that the sandwich structure of the
HBV allows stacking of several diodes for better power
handling capability, and at the same time diode miniaturisation
is prevented [5]. Nevertheless, the highest output frequency
published for HBV diode based multipliers is 450 GHz [6].
Our aim is to push this limit further into the sub-mm region.

(a) (b)

Fig. 1. (a) C-V and I-V curve for a HBV diode. C-V is symmetric while
I-V is antisymmetric. (b) Model of a two-mesa HBV diode with a total of six
barriers, and gold air bridges. (The model is not according to scale)
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Fig. 2. Current status on output power for single diode HBV frequency
multipliers and Schottky diode frequency multiplier chains [7][8][9][5].

We present the current status on the development of an
HBV tripler for an output frequency of 600-700 GHz. The de-
signed HBV is based on the InGaAs/InAlAs/AlAs epitaxially
grown on InP material system. The doping and layer structure
impact on the conversion efficiency has been evaluated, and
consideration of the effects of self heating has been crucial
when choosing an appropriate diode design. The HBV diode
is implemented in a MMIC circuit containing matching and
filtering elements.

II. 0.6 THZ HBV TRIPLER DEVELOPMENT

In developing a 600 GHz frequency tripler there are several
constraints to consider. At this high input frequency, 200-220
GHz, the available power is estimated to be less than 40 mW,
which together with impedance boundaries limits the size and
geometry of the diode. The high frequency makes it unsuitable
for the otherwise commonly used flip chip soldering, hence
the HBV frequency tripler is implemented using a monolithic
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approach which offers high repeatability.
For the circuit design we decided to use conventional

technology, with the advantage of having good heat sinking
properties and already established designs to fall back on. The
tripler will consist of a waveguide block, with waveguide in
and outputs, and the matching circuit and HBV on a microstrip
MMIC in a waveguide channel, coupled into the waveguides
by probes.

We have limited ourselves to the use of the
InGaAs/InAlAs/AlAs epitaxially grown on an InP substrate
material system. The advantages of this material are the high
mobility of InGaAs and the height of the energy bandgap
barrier.

An effort to analytically optimise the material structure with
regards to the conversion efficiency for an input frequency of
200 GHz has been made. This optimised material, material A
was then compared to an already grown material, material
B, to evaluate the necessity of growing a new material.
The existing Material B has been verified in I-V and C-V
measurements.

In comparing the two materials the effects of self heating
were taken into account through FEM heat transfer modelling
combined with harmonic balance simulations in ADS. In these
simulations the diode geometry was investigated as well.

Finally the optimum embedding impedances for the HBV
diode tripler configuration has been determined to maximise
the conversion efficiency. For these simulations a 3-D model of
the diodes including air bridges have been modelled in Ansoft
HFSS for S-parameter extraction, combined with harmonic
balance simulations in ADS.

III. MATERIAL VERIFICATION

The material in Table I, earlier introduced as Material B, has
been verified in I-V and C-V measurements, see figure 3. For
these measurements single mesa test diodes were fabricated
with different areas and measured in a probe station with an
I-V and a LCR meter. The maximum capacitance of the HBV
material was measured to be Cmax = 0.9 fF/µm2, and the
breakdown voltage Vbr = ±19 V (for 3 barriers). From the
C-V measurements the doping concentration was extracted,
Nd = 1.4 · 1017 cm−3, which is slightly higher than the
specification. The extracted value for the doping was then used
when evaluating the material in harmonic balance simulations,
described below.

IV. DIODE OPTIMISATION

The HBV tripler will be pumped with at a frequency of 200-
220 GHz, and at this frequency the expected available input
power is about 20-40 mW. Thus the diode is optimised for an
input power of 30 mW. Diode parameters such as the epi-layer
structure, size and geometry have been examined in order to
ensure large conversion efficiency. Furthermore, the advantage
of growing a new frequency optimised material, versus using
a material that has already been fabricated, but is optimised
for a lower frequency range, has been evaluated.

Fig. 3. I-V and C-V measurement result plus the theoretical C-V curve using
the extracted doping.

A. Epi-layers

1) Barrier: The barrier material in the epi-layer design
consists of a 3 nm thin layer of AlAs in the middle of two
layers of 50 nm In0.52Al0.48As. The AlAs prevents leakage
current by increasing the energy bandgap, but this barrier
layer is lattice mismatched to InAlAs, so in order to keep it
strained the thickness is limited. This optimum barrier design
for the InGaAs/InAlAs/AlAs HBV material system is further
described in [10] and [11], and has not been treated within
this work.

2) Modulation layers: A figure of merit for a varactor diode
design is the dynamic cut-off frequency [12]

fc =
Smax − Smin

2πRS
. (1)

It is derived from the equivalent circuit of a varactor with a
variable reactance, C(v) = 1

S(v) , connected in series with a
resistance, RS .

The cutoff frequency dependence of the conversion effi-
ciency can be estimated by

η ≈ 100

1 + α
(
fp
fc

)β % (2)

where fp is the pumping frequency, fc the cutoff frequency,
α = 200 and β = 1.5 [13]. So in order to achieve a
high efficiency, the cutoff frequency should be maximised,
which is done by maximising the difference in elastance and
minimising the series resistance.

The series resistance consists of several resistance elements

RS = Ractive +Rspread,buff +Rcontact (3)

where the resistance in the epi-layers is

Ractive =
∑

n

ln
µnNnqA

(4)

n is the layer number, ln the layer thickness, µn the layer
mobility, Nn the layer doping and A the mesa area. The
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spreading resistance between two mesas or mesa and contact
for a single mesa diode is

Rspread,buff =
lbuff

µbuffNbuffqAbuff
(5)

and the ohmic contact resistance is

Rcontact = Nm
rc
A

(6)

where Nm is the number of mesas and rc = 100 Ω-µm2. The
mobility is doping dependent and estimated according to [14].

The minimum elastance is determined by the Debye length,
LD,

Smin =
N

A

(
b

εb
+

2s

εd
+

2LD
εd

)
(7)

while the maximum elastance is determined by the maximum
depletion width, wmax, [13]

Smax =
N

A

(
b

εb
+

2s

εd
+
wmax
εd

)
. (8)

N is the number of barriers, A the diode area, b and s the
barrier and spacer thickness respectively, and ε the dielectric
constants for the different materials. The maximum depletion
width is limited by impact ionization, which is doping depen-
dent, and by the current saturation which can be approximated
to be constant with regards to the doping level for a constant
pumping frequency [13]. This means that for doping levels
above a certain value the cutoff frequency is impact ionization
limited and below that frequency it is limited by the current
saturation. These two criterions can be combined to estimate
the optimum doping level for a high cutoff frequency, see
figure 4.

This model indicates that the difference in modulation layer
thickness has little impact on the conversion efficiency com-
pared to for example the number of barriers, i.e. HBV diodes
stacked in series. In order to minimise the series resistance, an
optimised modulation layer thickness has the same value as the
maximum depletion width, and the cut-off frequency decreases
for thicker layers. While the cut-off frequency increases with
the number of barriers. However, as the number of barriers
increase, so does the input power necessary to drive the
HBV. Therefore we chose to compare conversion efficiency
for HBV diodes with different geometries, made of a two-
barrier material with a modulation layer thickness of 190 nm
and doping of 1.4 · 1017 cm−3, i.e. Material A, and the three-
barrier material we already have, Material B (see Table I).

B. Device geometry

In deciding the geometry of the HBV diode taking the
effects of self heating into account is crucial due to the poor
thermal conductivity of InGaAs. Using heat transfer FEM
simulations combined with ADS harmonic balance simulations
the heating in the diode active region and the conversion
efficiency has been estimated, and an appropriate geometry
found.

TABLE I
HBV ACTIVE LAYER MATERIAL SPECIFICATION, MATERIAL B

Layer Material Thickness Doping Comment
[Å] [cm−3]

1 In0.53Ga0.47As 2,500 1017 Modulation

2 In0.53Ga0.47As 50 Undoped Spacer

3 In0.52Al0.48As 50 Undoped Barrier

4 AlAs 30 Undoped Barrier

5 In0.52Al0.48As 50 Undoped Barrier

6 In0.53Ga0.47As 50 Undoped Spacer

7-18 ... 2 × Layers 1 - 6 ...

19 In0.53Ga0.47As 2,500 1017 Modulation

1) Self heating: In the FEM heat transfer model the power
distributed as a volume power source, assuming all input
power is converted to heat, see Figure 5. The resulting
temperature is then used to calculate the thermal resistance,
RT of the diode, and the thermal resistance is then put in
to ADS harmonic balance simulations where self heating is
implemented using Chalmers HBV electro-thermal model to
calculate the rise in temperature under RF pumping [15]. In the
heat transfer simulations the temperature dependent thermal
conductivity is used for InGaAs, InP and gold.

κInGaAs = 4.7 ·
(T0
T

)1.375

κInP = 68 ·
(T0
T

)1.48

κAu = 0.0586(282− T ) + 317

2) Harmonic balance: The electrical properties of the HBV
are modeled in ADS with the quasi-empirical Chalmers HBV
model [16]

V (Q) = N
{ bQ
εbA

+ 2
sQ

εdA
+ Sign(Q) ·

( Q2

2qNdεdA2
+

+
4kBT

q

(
1− exp

[
− |Q|

2LDAqNd

]))} (9)

These simulations also provides a value for the optimum
embedding impedances for a maximised conversion efficiency.

Different geometries have been evaluated for a fixed input
power of 40 mW and pump frequency fp = 200 GHz. We
have examined one and two-mesa HBV diodes, with different
mesa areas, of Material A and B, to determine which geometry
will give the highest conversion efficiency without exceeding
the maximum temperature increase allowed, 130 − 150 K.
For each geometry the efficiency improves when the area
decreases, see Figure 6. However only the geometry and
areas where the temperature limit has not been reached are
interesting, consequently the one-mesa geometry could be
ruled out immediately since the area required results in a very
low conversion efficiency of the HBV diode.

The best conversion efficiency geometry was chosen, a two-
mesa HBV with a mesa area of 6× 3 µm2, where the larger
dimension sets the width of the air bridges. As can be seen
in figure 6, the difference in efficiency is not very large, why
we choose to use the epi-material we already have, Material
B, rather than fabricate a new material.
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(a) (b)

Fig. 4. Cutoff frequency and maximum depletion layer width dependence on modulation layer doping level. To the left of the intersection the cutoff frequency
is current saturation limited, and to the right the cutoff frequency is impact ionization limited. fp = 200 GHz, A = 18 µm2. (a) Cutoff frequency for different
thickness of the modulation layers. N = 3, Nm = 2. (b) Cutoff frequency for different number of barriers per mesa. l = 190 nm, Nm = 2.

Fig. 5. Heat transfer FEM simulation of a two-mesa HBV diode. Clearly
shows how the heat is concentrated in the active layers of the HBV. The image
shows quarter of a diode, due to symmetry.
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Fig. 6. Efficiency and temperature comparison of two-mesa diodes with
different mesa areas and two different materials: A two-barrier material
optimised for an input frequency of 200 GHz, and the 3-barrier material
described in Table I. It shows that the area needs to be at least 18 µm2 to
not overheat, and that the 3-barrier material we already have can be used.

V. CIRCUIT

While HBV diodes for lower frequencies often are sepa-
rately flip chip soldered to a circuit of another material, e.g.
quartz, integration of the HBV diode on a MMIC is preferable
for THz frequencies. As the frequency gets higher soldering
uncertainty and losses are eliminated. This means that we are
limited to a InP substrate which has a large dielectric constant,
so in order to reach reasonable line widths and impedances,
and to avoid waveguide modes in the substrate, the substrate
needs to be thin.

We will design a classic waveguide-to-microstrip-to-
waveguide circuit, with all matching elements fabricated on
the microstrip MMIC. The waveguide dimensions are WR-4
at the input and WR-1.5 at the output. The channel width and
height is 160 µm. The design is similar to the design in [17].

A. Substrate

The most common way to thin down a substrate is either
mechanically, through lapping of the back of the substrate,
or through membrane technology where the back side of the
substrate is etched away until a stop layer is reached deciding
the substrate thickness. As InP is a brittle material there is
some concern when thinning it down too thin. And as for
membrane technology there are also some issues regarding
the background doping of the eptiaxially grown InP layer. We
do not have access to Fe-doped InP epi-material, which means
the membrane will be lossy.

We have decided to move forward with a 20 µm thick
substrate, which we can lap down mechanically with good
precision. Propagation constant simulations in Ansoft HFSS
show that 20 µm is small enough to avoid waveguide modes
in the substrate for strip widths smaller than about 40 µm in
a waveguide 160 µm wide, but still large enough to have a
reasonable tolerance.
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Fig. 7. HBV diode HFSS model with airbridges for deembedding optimum
impedances.

B. Diode embedding impedance

The optimum HBV diode embedding impedance has been
estimated in order to achieve maximum conversion efficiency
at an input power of 30 mW in order keep good efficiency over
the whole 20−40 mW region. The input and output matching
impedance for the fundamental tone at 200 GHz and third
harmonic has been calculated in S-parameter simulations in
Ansoft HFSS combined with harmonic balance simulations in
ADS of the chosen geometry, a two-mesa diode of the three-
barrier material (Material B). The air bridges are included in
the S-parameter simulation, see Figure 7, in order to have them
included in future matching circuit simulations. The HBV
diode mesas are replaced with lumped ports in this simulation,
and the HBV model in (9) is used in ADS. The length of the
air bridges is 12 µm, the width is 4 µm, the mesa area is
6 × 3 µm2, the distance between the mesas is 3 µm, pump
frequency fp = 200 GHz and the input power is 30 mW.
The thermal resistance put in to the device is a ”worst case”
thermal resistance calculated from an input power of 40 mW
on the same diode area, RT = 4474 K/W.

The resulting optimum impedances at the fundamental and
third harmonic, for an input frequency of 200 GHz is displayed
in Figure 8.The conversion efficiency at these impedances
is η > 6% and the self heating in the HBV diode is
100 < ∆ T < 150 K.

VI. CONCLUSION

A HBV frequency tripler with an output frequency of 0.6
THz is currently under development. Investigations of material
and diode layout show that self heating is a major limiting
factor for reaching high conversion efficiency and power levels
at higher frequencies. The 3-barrier epi-material developed for
operation at lower frequencies can be used for the HBV and
provide a theoretical conversion efficiency of 6-7% for a 2-
mesa HBV diode. At an expected input power of 30 mW this
will result in a outputpower of about 1 mW.

The circuit developed for the tripler is a waveguide-to-
microstrip MMIC-to-waveguide circuit. The matching cir-
cuitry on the MMIC is under development and when that is
done the HBV tripler will be fabricated at MC2, Chalmers.

Fig. 8. HBV optimum embedding impedances for maximised efficiency
at 30 mW input power and fp = 200 GHz. m1 marks the input matching
impedance for fundamental tone, and m2 the output impedance at the third
harmonic including and excluding (circled) air bridges.
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Abstract—More efficient continuous-wave photonic near-
infrared mixers as terahertz sources are investigated with the
motivation to develop a universal photonic local oscillator for
astronomical submillimeter/terahertz receiver systems. For this,
our group has developed new concepts for vertically illuminated
traveling-wave (TW) photomixers. The new device called TW-
Uni-Travelling Carrier photodiodes (TW-UTC PD) was sim-
ulated, modeled and shall be optical/terahertz tested at the
Electrical Engineering Department of the University of Chile,
whereas device fabrication is performed at the MC2 cleanroom
facility at Chalmers University of technology. We are reporting
on first progresses in this direction.

I. INTRODUCTION

Development of terahertz frequencies systems has been
widely studied during the last years and this, has lead to a
wide range of applications in astronomy, biology, medicine,
imaging, communications and security. For radio astronomy
applications more efficient continuous-wave photonic mixers
as terahertz sources are being developed with the motivation
to fabricate a universal photonic local oscillator for THz radio
astronomy receivers. Two new concepts are been integrated
to develop these new types of photomixers. The first con-
cept is called large area vertical illuminated travelling-wave
(TW) photomixing and the second one involves Uni-Travelling
Carrier Photodiodes (UTC-PD). The final device, called TW-
UTC photodiode, has been simulated and modeled and shall be
optically tested in the new terahertz photonics laboratory at the
Electrical Engineering Department of the University of Chile,
whereas device fabrication is being conducted at the MC2
clean room facility at Chalmers University of Technology. This
paper describes design and developments made so far, for a
TW-UTC photomixer between 200 GHz and 2 THz.

II. VERTICAL ILLUMINATED TW-UTC PD
CONCEPT

The main goal behind fabrication of these new types of
photomixers is to achieve better efficiency, which is measured
with higher power at high frequencies and larger bandwidth.
It is well known that the main advantage of travelling-wave
photodetectors (TWPD’s) is to avoid the parasitic RC constant
limitation of the corresponding lumped element [1], this means
that bandwidth and power can be improved with TW devices.
Tavelling-wave photomixers can be divided in two classes

depending of the effective absorption coefficient (α) of the
devices structure [2], low effective α << 1µm−1 leads to edge
coupled (fiber-illuminated), whereas high absorption leads to
vertically illuminated designs. In fiber illuminated devices, the
output power is proportional to the square of the photocurrent
and the bandwidth depends inversely on the photocarrier life-
time and electrode capacitance, therefore, photomixers have
been usually designed for small areas. In order to get a higher
power capability large-area travelling-wave photomixers is in
our case a better option, due to in these types of devices
bandwidth is not limited for the electrode capacitance and also
it has higher-power handling capacity. In a general case of
photomixing when a photomixer is illuminated by two single
mode CW lasers beams, the THz output power may be written
as [3].

P (ω) =
I20RA

2[1 + (ωτc)2][1 + (ωRAC)2]
(1)

where I0(= GV0) is the photocurrent, G is the DC photo-
conductance, V0 is the bias DC voltage, RA is the antenna
resistance, τc is the carrier life time, and C is the device
capacitance. In the case of TW devices the time constant
τRC(= RAC) is ideally bypassed, thus the output power
roll-off is proportional to ω−2. In addition to improve even
more the THz power, and achieve wide bandwidth, the carrier
life time must be improved. One way to do it, is using Uni-
travelling Carrier Photodiodes (UTC-PD). The main feature
of the UTC-PD proposed by Ishibashi et al. [4] is that only
electrons work as active carriers optimizing the RAC and
transit time constants. Thus, bandwidth and output saturation
current are both increased in comparison with PIN PD’s
and therefore higher output powers can be obtained at high
frequencies [3],[4].
By using UTC-PD’s as vertical illuminated travelling-wave
devices, it is feasible to improve simultaneously bandwidth
and output power, the latter would increase by a factor of
(1 + (ωRAC)2). Hence output power and bandwidth in TW-
UTC PD may be rewritten as,

PTHz(ω) =
1

2
RA

I20
1 + (ωτc)2

(2)

f3dB =
1

2πτc
(3)
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Using the fact of I0 is equal to [8]:

I0 = ηP0
e

hν

τtr
2
ve,drAill (4)

where P0 =
√
P1P2 is the beat part of the interference of

both laser powers, η is the quantum efficiency, ve,dr(= µe
V0

W ),
is the drift velocity of the electrons, W (= WA + Wc) is
the spacing between the electrodes, Aill is the effective
illuminated area, and τtr/2 is the effective life time of the
photoelectrons in the photoconductive gap.

In order to optimize THz power, not only the above param-
eters must be tunned, we also need optimize the transit time.
The travelling time in the collection layer can be defined as
τc = Wc/vd, where Wc is the collection layer width and vd is
the drift velocity of electrons [6], thus transit time in UTC-PDs
can be defined as [7].

τtr = τA + τc =
W 2
A

3De
+
WA

vth
+
Wc

vd
(5)

where, τtr is the total transit time and τA is the transit
time in the absorption layer, τc is the transit time in the
collection layer, WA, De and vth are the abortion layer
thickness, diffusivity of electrons in the absorption layer and
the electron thermionic emission velocity, respectively. For
absorption layer thickness larger than 100 nm (our case),
transit time of electrons is dominated mainly for the first term
in the equation (5), then transit time can be approximated as
τtr ≈W 2

A/3De.

III. TW-UTC PHOTOMIXER MODELLING

A. Layer Structure

The layer structure chosen for the UTC-PD is based in the
optimization made for Biddut Banik et al. [7] using TCAD
simulator from Synopsys (table 1). The epitaxial layer of an
InGaAs/InP was optimized for 340 GHz, the simulation result
predicted ≈ 1 mW of output power assuming a maximal
allowable optical excitation of 0.25 W , thereby assuming
RA ≈ 50 Ω, the fact of bypassing the factor (1+ω2τ2RC) using
TW scheme could increase the output power approximately in
a factor 6 at 1 THz.

B. Antenna Integration

1) Bow-tie slot antenna : The UTC-PD must be integrated
with antennas for THz generation and emission.
Different types of antennas such a log spiral and log periodic
have been reported [7], but the impedance of those broadband
antennas is low for our propose.
Due to terahertz power is proportional to antenna impedance
higher impedance antennas are desirable. One of our antennas
is a bow-tie slot antenna designed to reduce the reflections and
minimize standings waves (Fig. 1). In this design the UTC-
PD is placed in a coplanar wave guide (CPW) integrated with
a slot bow-tie antenna, photomixer is back illuminated and
coupled to hemispherical GaAs lens ( 2).
The electromagnetic performance of the scheme shown in
figure 2, was optimized using CST Microwave Studio. The S11

TABLE I
OPTIMIZED UTC-PD LAYER STRUCTURE FOR 340 GHZ [7]

LAYER MATERIAL THIKNESS DOPING

12 In0.53Ga0.47 As 50 3e19 p+

11 In0.53Ga0.47As0.80P0.20 20 2e19 p+

10 In0.53Ga0.47As 125 1e18 p

9 In0.53Ga0.47As 8 1e15 i

8 In0.76Ga0.24As0.54P0.28 16 1e15 i

7 InP 6 1e15 i

6 InP 7 1e18 n

5 InP 150 1e16 n-

4 InP 50 5e18 n

3 In0.53Ga0.47As 10 1e19 n+

2 InP 500 > 2e19 n+

1 In0.53Ga0.47As 10 I

Sub InP SI SI

Fig. 1. Bow-tie slot antenna integrated to CPW.

Fig. 2. Bow-tie antenna fed with CPW and integrated in a hemispherical
GaAa lens.

parameter is shown in the figure 3, which is better than around
-10 dB. Its oscillating shape is due to the presence standing
waves which are consequences of the impedance mismatch
between the CPW and the bow-tie antenna. The matching
process is still under research.

2) Butterfly metal antenna: Due to the preferred small gap
between inner and outer conductors (a larger one would just
produce ohmic losses), the impedance of the CPW is below
50 Ohms.
Therefore, a metal bowtie antenna with its lower impedance
around 70 Ohms matches much better than a bowtie slot which
has a much higher impedance.around 150 Ohms.
It is well known that the terahertz output power is propor-
tional to the antenna impedance and in the general case the
impedance of a planar antenna is at most a few hundreds
of ohms [3] and usually is bigger than the impedance of
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Fig. 3. S11 parameter for modified bow-tie slot antenna with 25◦ of aperture
and 120 um length.

Fig. 4. Butterfly metal antenna over a GaAs lens.

Fig. 5. S11 parameter for metal Butterfly antenna with mesa width of 0.5
µm, and slot lines of 2 µm.

our CPW. Thus the photomixer works under mismatched
condition, therefore a lower impedance antenna is another
alternative to reduce the mismatch shown in Fig. 3, where
the oscillating shape of the S11 parameter is a consequence of
this mismatch.

Antenna simulations in CST microwave studio show that the
mismatch of this antenna (Fig. 5) is lower than the previous
one but it drawback is that the output power shall be slower.

IV. DEVICE FABRICATION

The firsts back side illuminated TW-UTC PDs are being
fabricated at Chalmers University. First devices have been
developed using 150-300 µm slot bow-tie antenna integration
and 600 µm CPW length structures with mesa structure width
of 3 µm and slot lines of 3-6 µm. Three solvents are used in
the process of wafer cleaning, acetone, methanol and IPA, all
of them heated at 600C in a sequence of 10 min, 30 s and 2
min respectively. After this step standard optical lithography
is used to fabricate antenna integration and the CPW mesa
structure, the first p-contact on the top of the mesa structure

Fig. 6. Optical set-up used for 800 nm testing system.

Fig. 7. Schematic of set-up used for 800 nm testing, the 1550 nm fiber
system is being set up similarly.

is built using an image reversal resist AZ5214E, the contact
is deposited using standard vapour deposition technique. In
order to have a ohmic contact the sequence of Pt/Ti/Pt/Au was
used, for the n-contact and a similar sequence of Ti/Pt/Au was
used for the n-contact. For wet etching two different etches are
needed, one for etching InGaAs/InGaAsP, and another for InP.
The InGaAs/InGaAsP etch is H3PO4:H2O2:H20 (1:1:25),
this etch is selective to InP and its stops when it reach an
InP layer, HCL:H3PO4:H2O2 (3:1:6) is used for InP and
also is highly selective to InGaAs.The process of fabrication
also use dry etching for etch InP and InGasAs/InGaAsP, but
in another part of the process. The final fabricated device shall
be placed on a hyper-hemispherical Si lens, and the front part
of the device will be antireflection coated for 1550 nm.

V. DEVICE TESTING SET UP

Device testing will be performed at our terahertz photonics
laboratory at the Electrical Engineering Department at Univer-
sity of Chile Fig. 6

Schematic set-up of the optical testing system is shown in
Fig. 7, the IR-optic developed by Ernest Michael [8], was
designed using an optic ray-tracing software (ZEMAX). The
idea is to exploit the grating dispersion to design an optical
set-up with frequency independent alignment which does the
proper transformation from the grating dispersion to the phase-
match angle frequency dependence on the mixer.
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Abstract - A new approach to phase-locking of a Flux Flow 
Oscillator (FFO) [1] in a superconducting integrated receiver [2, 
3] has been proposed and experimentally verified. According to 
this novel concept, a superconductor-insulator-superconductor 
(SIS) junction is implemented both for down-conversion of the 
FFO frequency and for formation of the signal to phase-lock the 
FFO to the external reference by applying the Harmonic Mixer 
(HM) output directly to the FFO control line. In other words, 
we introduce a new element of superconductive electronics, 
which is based on the SIS junction and works as a cryogenic 
harmonic phase detector (CHPD). 

To realize efficient phase-locking of the FFO the HM output 
signal should be maximized. Value of this signal depends in a 
complicated way on the HM bias voltage, frequencies and 
powers of the local oscillator (LO) and the RF signals. We have 
studied the HM theoretically and calculated 3D dependences of 
the HM output signal power versus the bias voltage and the LO 
power. Results of the calculations have been compared with 
experimental measurements. Good qualitative and quantitative 
correspondence has been achieved. 

For demonstration of the FFO phase-locking by the CHPD 
we have fabricated specially designed samples: all feedback loop 
elements are integrated on the same chip together with the FFO 
and the CHPD. The FFO frequency should be equal to a 
harmonic of the LO signal applied to the CHPD. Such a PLL 
system is expected to be extra wideband due to considerable 
reduction of the loop length. This concept is very promising for 
building of the multi-pixel SIR array. 

I. INTRODUCTION: IDEA OF CRYOGENIC HARMONIC 

PHASE DETECTOR 

A Phase Locking Loop system (PLL) based on Cryogenic 
Harmonic Phase Detector (CHPD) described in this report is 
a new way of phase stabilization of a superconducting flux 
flow oscillator (FFO) [1], which operates as a heterodyne 
source in a Superconducting Integrated Receiver (SIR) [2], 
[3].  

The SIR circuit comprises on a single chip (size of 4 mm 
by 4 mm) a planar antenna integrated with an SIS 
(superconductor–insulator–superconductor) mixer, the FFO 
operating in the frequency range of 400 - 700 GHz and the 
second SIS harmonic mixer (HM) to phase-lock the FFO. 

The block diagram of the SIR with conventional PLL system 
to stabilize FFO is presented in Fig. 1; this concept has been 
successfully used for the TELIS project [4].  
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Fig. 1. Block diagram of SIR with RT PLL. 
 

In the SIR with conventional PLL the FFO signal 
(frequency of about 600 GHz) is down-converted to 400MHz 
in the HM by mixing with n-th harmonics of the LO signal 
(frequency of about 20 GHz). The intermediate frequency 
(IF) signal is amplified and applied to a semiconductor phase 
detector placed outside the cryostat. The detector compares 
phase of this signal with one of the stable reference signal of 
frequency 400 MHz; the resulting error signal is applied to 
the FFO control line. This semiconductor PLL system has a 
bandwidth of about 15 MHz. Such a wideband PLL system is 
required because the FFO autonomous radiation spectrum has 
a Lorentz shape of width about few MHz. Only limited part 
of the FFO power can be synchronized by such a PLL system 
[5]. The semiconductor PLL system has to have long cables 
since the phase detector has to be outside the cryostat. The 
long cables lead to time delay, which limits the PLL 
synchronization bandwidth. 
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To overcome the problem of long cables and to 
synchronize the FFO power more efficiently a cryogenic PLL 
system has been developed [5] - [7]. Bandwidth of the 
cryogenic PLL system as large as 40 MHz has been realized. 
There are two SIS junctions in the loop of the cryogenic 
system. The first one works as the HM for down-convention 
of the FFO signal and second junction operates as a 
Cryogenic Phase Detector (CPD). The CPD compares the 
HM IF signal amplified by the HEMT-amplifier with 
reference oscillator signal of the same frequency (0.4 GHz 
[5], [6] or 4 GHz [7]). The resulting phase error signal 
changes the FFO control line current and adjusts the FFO 
frequency. 

The novel concept of the FFO phase stabilization 
described in this report is based on employment of a single 
SIS junction as the HM and the phase detector 
simultaneously. This cryogenic harmonic phase detector 
(CHPD) substitutes the HM, the HEMT-amplifier and the 
CPD in the cryogenic PLL described above. The CHPD and 
all loop elements can be placed on the same chip with the 
FFO, which leads to loop delay reduction. Such PLL system 
will be ultra wideband that is important for the FFO phase-
locking. A block diagram of the new PLL system is shown in 
Fig. 2. The signals from the FFO and the LO#1 are applied to 
the CHPD. The frequency of harmonic of the LO#1 signal is 
equal to the FFO frequency (~600 GHz). The CHPD 
generates output signal proportional to the phase difference 
between the FFO and the appropriate harmonic of the LO#1. 
This error signal is applied directly to the FFO control line 
through a low pass filter. 

For demonstration of the CHPD operation we used 
additional SIS Mixer. This mixer operates as a HM 
(see Fig. 2). It is utilized for observation of the FFO radiation 
line spectrum and monitoring of the phase locking effect. The 
LO#2 frequency is chosen to obtain the intermediate 
frequency of this mixer of about 6 GHz. 

 

 
 

Fig. 2. Block diagram of the system for  the FFO synchronization by the 
CHPD 

 

II.   ON THEORY OF HARMONIC M IXER  

It is crucial to achieve a high-power HM output signal to 
demonstrate effective FFO synchronization. The 
experimental data shows that power of the IF signal depends 
in a complicated way on the HM bias voltage, frequencies 

and powers of local oscillator LO and FFO signals. We have 
studied the HM theoretically and calculated the 3D 
dependences of its output signal power versus the bias 
voltage of SIS-junction and the LO power. 

The detailed theoretical description of the SIS junction 
under action of microwave frequency signals is given in [8] – 
[10]. In [8] a simplifying assumption about the small 
amplitude of the input signal and shunting of the highest 
harmonics of the LO by junction capacitance was used. 
Papers [9], [10] involved the method of the SIS-junction 
description in general case, when the powers of input signals 
may be of any value. Nowadays the theory [9], [10] is the 
most complete; it takes into account existence of the 
harmonics generated by SIS-junction and influence of the 
external elec. The calculations of some characteristics HM on 
SIS based on this theory are given in [10]. 

We present the simpler model, which gives us the 
opportunity to reduce the time of HM characteristics 
calculation and still obtain good qualitative and quantitative 
agreement with the experimental data. Let us consider the 
model of the weakly-interacting quasi-particles under the 
influence of the periodic electric field without taking into 
account spin effects as in [11]. 

Wave function of a quasi-particle with energy E without 
applying altering electric field is 

( , , ) exp( / )f x y z iEtΨ = − ℏ , where ( , , )f x y z  – certain 

function of coordinates, i- imaginary unit, t – time, ℏ  - 
Planck's constant. This wave function is the eigen function of 
a non-excited system Hamiltonian H0. The voltage across the 
junction is 1 1 2 2cos( ) cos( )V t V tω ωω ω+  then two periodic 

signals of frequencies 
1ω , 

2ω  and amplitudes 1Vω , 2Vω  are 

applied to junction electrodes. The hamiltonian of quasi-
particles system is then:  

0 1 1 2 1cos( ) cos( )H H eV t eV tω ωω ω= + + , where H0– non-

excited system Hamiltonian, H – Hamiltonian of system 
influenced by two harmonic signals, e – charge of electron. 
The new wave function is 

1 2( , , )exp( / ) exp( ) exp( )n m
n m

f x y z iEt B in t C im tω ω  Ψ = − − −  
  
∑ ∑ℏ

 

where Bn and Cm – unknown functions. 
Applying this wave function to Schrödinger’s equation 
�i H

t

ψ ψ∂ =
∂
ℏ

, we obtain equations for Bn and Cm. 

Solution of this Schrödinger’s equation is: 

[ ]1 2
1 2

1 2

( ) exp( / ) ( ) ( ) exp ( )n m
n m

eV eV
f x iEt J J i n m tω ω

ω ω
ω ω

 
Ψ = − − +  

 
∑∑

ℏ ℏ

ℏ
, 

where ( )nJ α Bessel function n-th order 

We can see that quasi-particles energy levels are split into 
levels described by wave functions nmΨ  with 

energies
1 2; , 0, 1, 2...E n m n mω ω+ + = ± ±ℏ ℏ . Probability of 
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occupation of such levels is proportional to 

1 2

1 2

( ) ( )n m

eV eV
J Jω ω

ω ωℏ ℏ

. 

Quasi-particle tunnel current is provided by quasi-
particles transport between SIS-junction electrodes. This 
current is described as complex function of current response 
j(V), here V is a DC voltage applied to junction. The function 

j(V) is calculated in [12]: ( ) ( ) ( )dc KKj V iI V I V= + . Here 

( )dcI V  is unpumped IVC of the SIS, and the ( )KKI V  

relates to the ( )dcI V  as Kramers - Kronig transform. 

It should be noted that the function j(V) used in the 
calculations was measured experimentally. So the IVC of the 
HM contains information about the gap voltage and the 
current step. 

The quasi-particle increases its energy by ωℏ  when the 
radiation quant is absorbed. This is the case identical with the 
applying voltage / eωℏ  to junction. Therefore, the tunnel 

current is defined by function( )j V e
ω+ ℏ . As far as the 

quasi-particle is able to absorb several photons of the energy 

1ωℏ  and
2ωℏ , in order to find the total tunnel current we 

should sum the current response functions 

1 2( )nm

n m
j j V

e e

ω ω= + +ℏ ℏ subject to the probability of 

the quasi-particle tunneling. The quasi-particle transmission 
probability of state 

nmΨ  to state lkΨ  is defined by the matrix 

element |lk nm< Ψ Ψ > , where 

[ ]1 2
1 2

1 2

( )exp( / ) ( ) ( )exp ( ) ,nm n m

eV eV
f x iEt J J i n m tω ω

ω ω
ω ω

 
Ψ = − − +  

 ℏ ℏ

ℏ

[ ]1 2
1 2

1 2

( )exp( / ) ( ) ( )exp ( ) .lk l k

eV eV
g x iEt J J i l k tω ω

ω ω
ω ω

 
Ψ = − +  

 ℏ ℏ

ℏ
 

The changing summation variable leads to: 

[ ]

1 1 2 2
, , ,

1 2
1 2

( , ) Im ( ) ( ) ( ) ( ) *

*exp ( ) ( ),

n n l m m k
n m l k

I V t J J J J

n m
i l k t j V

e e

α α α α

ω ωω ω

+ +=

− + + +

∑

ℏ ℏ
 

where i
i

i

eVωα
ω

=
ℏ

. 

It should be noted that we can overwrite the current 
function in the form: 

( ) ( )( )0 1 2 1 2
1 1

( , ) 2 cos ( ) 2 sin ( ) .lk lk
l k

I V t a a l k t b l k tω ω ω ω
∞ ∞

= =

= + + + +∑ ∑
 

This formula shows that the signals of the frequencies 
described as 1 2l kω ω+  (l and k are integers) are generated on 

the SIS junction. For the practical application of the 

harmonic mixer the first signal frequency is close to the 
frequency of second signal harmonic k, i.e. 

1 2 2kω ω ω− ≪ . 

Let us put that frequency of RF signal is 1 RF2 fω π≡ , and 

for LO signal is 
2 LO2 fω π≡ . Then current amplitude of IF 

IF RF LOf f nf= −  is given by  

2 2
1IF 1 ,kkI a b= +

 

1 1 2 1 1 2 1 1 2
,

1 2

( ) ( ) ( ) ( ) ( ) ( ) ( ) *

* ( ),

k n m n m k n m k
n m

dc

a V J J J J J J

n m
I V

e e

α α α α α α

ω ω

+ − − + = + 

+ +

∑

ℏ ℏ

 

1 1 2 1 1 2 1 1 2
,

1 2

( ) ( ) ( ) ( ) ( ) ( ) ( ) *

* ( ).

k n m n m k n m k
n m

kk

b V J J J J J J

n m
I V

e e

α α α α α α

ω ω

+ − − + = − 

+ +

∑

ℏ ℏ  

The dependence of the IF signal’s power versus the input 
signals’ parameters and the bias voltage across the junction 
has been calculated by the presented formula. The result of 
such calculations is presented in Fig. 3.   

Power of IF Signal
-85 dBm        -95 dBm       -105 dBm

Power of IF Signal
-85 dBm        -95 dBm       -105 dBm

 Operating Point

 
Fig. 3. Experimental (up) and theoretical (down) dependence of IF 

signal’s power versus LO signal’s power and bias voltage across the HM. 
The operating point with the maximum power of IF signal (-85 dBm) is 
shown on the theoretical dependence. The FFO frequency is 636 GHz, LO 
frequency – 18 GHz (the 35th harmonic of LO is used) as result frequency of 
IF signal is equal 6 GHz. 

 

The experimental studying of such dependences was 
made. The dependence IF power versus LO power and bias 

466



voltage was acquired. The frequency of the RF signal was 
636 GHz, the LO frequency – 18 GHz. The critical current of 
the SIS junction was suppressed by the magnetic field. Good 
qualitative and quantitative correspondence has been 
achieved (Fig. 3). We used in experiment the Nb-AlOx-Nb 
SIS junction with area of 1 µ2 and gap current 90 µA. The 
maximal output signal power for described frequencies was 
obtained of about - 90 dBm. Our calculations show that 5 dB 
larger value can be achieved at more careful adjustment. 

III.   EXPERIMENTAL RESULTS  

A test circuit presented by the diagram in Fig. 2 has been 
experimentally realized. The feedback loop between the HM 
and the FFO was implemented in two ways: by lumped 
elements on a contact plate and by the microstrip lines 
directly on the chip. 

In our experiment the FFO signal is split into two 
channels to pump both mixers. Each part of the signal is 
down-converted so that output signals frequencies are 
400 MHz for the CHPD and of about 6 GHz for the SIS 
(Fig. 2). The IF signals are amplified and transferred to 
spectrum analyzers. The IF signal of CHPD is maximized by 
finding the optimal point (see Fig. 3). After the optimum is 
found, we change the frequency of the LO#1 so that the IF of 
the CHPD becomes “0” instead of 400 MHz (the certain n-th 
harmonic of LO#1 becomes equal to the FFO frequency). At 
the same time, the IF of the HM #2 is also changed but the 
FFO radiation line is still presented on spectrum analyzer 
screen and synchronization effect is observed. 

The result of the FFO synchronization by the CHPD is 
shown in Fig. 4. This spectrum demonstrates the validity of 
the concept. The bandwidth of such a PLL system is expected 
to be about 100 MHz providing optimal gain in the loop. For 
the data presented in Fig. 4 (red curve) free running FFO 
linewidth is 6 MHz and such a system should phase-lock 
more than 90% of emitted power. Because the HM output 
signal is limited, the open loop gain is not large enough to 
demonstrate optimal synchronization. As a result, only 55% 
of the FFO emitted power is locked (see Fig. 4, blue curve).  

 

 
Fig. 4. Down-converting spectrum of FFO: red curve – free running line, 
LW = 6 MHz; blue curve – FFO is phase locked by the CHPD. 

IV.  SUMMARY  

We propose a novel application of the SIS junction – the 
Cryogenic Harmonic Phase Detector (CHPD). The 
theoretical and experimental studies of the HM have been 
performed. Comparison of the theoretical and experimental 
data demonstrates a good qualitative and quantitative 
agreement. The concept of the CHPD is experimentally 
realized and the FFO phase locking has been obtained. The 
part of the phase-locked FFO power is not ultimate because 
output signal of HM was not large enough. This problem 
would be overcome by utilizing the HM with larger area. The 
application of a low-frequency superconductive on-chip 
amplifier in the feedback loop looks also very promising. 
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Abstract— We report a set of measurements to demonstrate a 
new type of surface emitting distributed feedback (DFB) 
quantum cascade laser (QCL) operated at 3.5 THz as local 
oscillator by pumping a superconducting hot-electron bolometer 
(HEB) mixer. The second order DFB surface emitting THz QCL, 
based on the Bragg gratings incorporated into the waveguide, 
shows single mode emission at 3.555 THz, which is only 4 GHz 
off from the hydroxyl (OH) line. This frequency can be slightly 
tuned by operating current or temperature. Because of the 
radiation being emitted from the surface, the far-field beam is 
much improved, with a divergent far field beam pattern only in 
one direction. We also notice that in the far field beam pattern, 
unlike conventional metal-metal waveguide QCLs, there are no 
interference patterns. All these make it possible to fully pump a 
superconducting NbN HEB mixer with a surface emitting DFB 
QCL at 60 K, and even at 70 K based on the estimated power.  
 

I. INTRODUCTION 
The hydroxyl (OH) radical has been identified to be a 

crucial probe for problems related to the atmosphere such as 
global warming and ozone destruction. The OH radical has 
the emission lines at terahertz frequencies such as 1.8, 2.5 
and 3.5THz [1]. Among them, the emission line at 3.551 THz 
has been identified as the best candidate for OH profile 
retrieval because of its brightness and isolation. With a nearly 
quantum noise limited sensitivity and ultra high spectral 
resolution (ν/∆ν>106, where ν is the frequency), a heterodyne 
receiver based on a NbN HEB mixer will be ideal for 
detecting the OH line. Since such a mixer has shown a 
superior sensitivity up to 5.3 THz [2], suitable local 
oscillators (LO) at this particular frequency become the only 
obstacle. Solid state LOs based on multipliers have only been 
demonstrated up to 2 THz, but the output power drops 
severely with frequency due to reduced multiplication 
efficiency at high frequencies. Optically pumped FIR gas 
lasers are very bulky, huge power consumptive and have no 
strong molecular lines close to this specific frequency. 

Recently developed terahertz quantum cascade lasers 
(QCLs) [3] become a promising candidate for LO in a 
heterodyne receiver. THz QCLs are based on quantum well 

structures, where the photon energy can be chosen by 
tailoring the thickness of the coupled wells and barriers, 
which makes such structures ideal for  generation of arbitrary 
wavelength radiation. It has been demonstrated that a THz 
QCL is a suitable source for the application of LO in a 
heterodyne receiver system [4]. In addition, THz QCLs have 
shown excellent power stability [4], phase-lock capability [5], 
and narrow intrinsic linewidth [6], which meet the enssential 
requirements as LO.  

Until now, most of the THz QCLs used for LO are based 
on a Fabry-Perot cavity. This cavity makes use of two facets 
as reflecting surfaces and a gain region in between. However, 
the edge-emission Fabry-Perot laser often gives multi-modes 
emission. It can generate single mode, but it is hard to control 
the emission frequency precisely. Furthermore, to achieve 
single mode lasing, the laser has to be narrow and often the 
width is much smaller than the wavelength. The latter causes 
a highly divergent beam with even strong interference fringes 
[7,8]. For high-resolution spectroscopy applications, it is 
essential to control the single mode lasing at the exact 
targeting frequency. Recently a surface emitting DFB THz 
QCL was reported [9]. By incorporating the second order 
Bragg gratings into the waveguide, a single mode emission is 
coupled out from the surface. These characteristics make 
surface emitting DFB QCL having the advantage in both the 
frequency and beam pattern in comparison with a typical 
metal-metal waveguide Fabry-Perot QCL. And the improved 
beam pattern will also lead to a better beam coupling to the 
HEB mixer, which is essential for high temperature operation 
of QCL as LO since the emission power is limited in this 
case. Here we demonstrate this new type of surface emitting 
DFB QCL, operated at 3.55THz, as local oscillator by 
pumping a superconducting HEB mixer. 

II. THZ SURFACE EMITTING DFB QCL 
The surface emitting DFB QCL used in this experiment is 

developed by the MIT group and is described in reference. 9. 
The active region is based on a resonant-phonon 
depopulation scheme and a metal-metal waveguide is used 
for modal confinement. As shown in Fig.1, by introducing a 
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second-order Bragg grating on the top surface of the 
waveguide, the radiation is coupled out from the top surface. 
The DFB grating enables robust single-mode operation over 
a large operating range. By using a Pi phase-shift in the 
center of the grating, a single-lobed far beam pattern is 
obtained.  

The QCL is indium soldered on a copper mount and is 
mounted on the cold stage of a helium-flow cryostat. The 
QCL consumes 4W DC power in continuous wave mode and 
emits a maximum output power of 1mW. This laser can also 
be operated at a relatively high temperature. As to be 
explained, the QCL working at 70K can still provide about 
25% of its maximum power (Fig.2) and is estimated to have 
enough power to pump a HEB mixer at its optimal operating 
point. 

 
Fig. 1 Picture of a MIT surface emitting DFB QCL with a length of 754μm 
and a width of 40μm. Also shown is the Al wire bonding for biasing the 
laser 
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Fig. 2 Emission power of the surface emitting DFB QCL as a 
function of the bath temperature. The power is measured with 
a pyrodetector after focusing the beam by a HDPE lens 
(f=26.5mm).  

 

III. RESULTS 

A. Far-field beam pattern 
The beam pattern measurement setup was described in Ref. 
[10]. By using a room temperature pyrodetector and two PC 
controlled stepper motors, the radiation beam was measured 
in both horizontal and vertical directions spherically.  

As shown in Fig.3a, the radiation beam was measured with 
the pyrodetector placed at a radial distance of 112mm. Along 
the laser’s ridge direction, a single-lobed beam was observed, 
where the full width at half maximum (FWHM) is 7deg. 
However, along the laser’s slit direction, the beam is highly 
divergent, which is mainly due to the subwavelength 
dimension in this direction. Compared with the beam patterns 
measured from meta-metal waveguide Fabry-Perot type 
QCLs [7,8], the surface emitting DFB QCL emits a 
directional beam in one direction. The other advantage is that 
there are no interference fringes in both directions. These 
features make it easy to couple the laser’s radiation into a 
HEB mixer, which typically has a Gaussian beam [11]. 
Fig.3b shows the beam pattern measured after focusing by a 
HDPE lens (f=26.5mm). A single-lobed beam is found in 
both directions, where the FWHMs are less than 1 deg. 
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Fig. 3 Measured far-field beam pattern of the surface emitting DFB QCL. (a) 
Beam pattern measured directly in front of the QCL at a distance of 112mm. 
(b) beam pattern measured after the radiation focused by a HDPE lens. 

 

B. Spectra characteristics 
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Emission spectra were measured using a Fourier-transform 
spectrometer (FTS) [12] with a resolution of 0.7GHz. This 
value is much larger than the intrinsic linewidth of a QCL, 
which is typically in the range of 6-30KHz. As shown in 
Fig.4, by changing the bias current, the surface emitting DFB 
QCL shows robust single mode emission over a wide 
operating range, which indicates a frequency tuning range of 
5GHz. With increasing the bath temperature from 30K to 
70K, a frequency tuning range of around 10GHz was 
measured in this case. It is interesting to note that the 
observed frequency range can cover the particular OH line at 
3.551THz. This single mode lasing together with a relative 
large tuning range makes surface emitting DFB laser ideal 
for high resolution molecular line detection. 
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Fig. 4 (colour online) Measured emission spectra of the surface emitting 
DFB QCL. (a) Emission spectra measured at different bias current in pulsed 
and CW mode;(b) Emission spectra measured at different bath temperature 
in pulsed mode. 

 

C. Coupling the radiation to the HEB mixer 
We use a spiral antenna coupled NbN HEB mixer, which 

consists of a 2μm wide, 0.2μm long, and 5.5nm thick NbN 
bridge [2]. The HEB has a low-temperature normal-state 

resistance (RN) of 83Ω, a critical temperature of 9.3K, and a 
critical current of 210μA at 4.2K.  
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Fig. 5 (colour online) (a) Schematic view of the QCL-HEB coupling 
experimental setup. (b) Current-voltage characteristics of the HEB for 
different pumping levels caused by different operating temperature of the 
QCL. In some cases, an attenuation of the LO power is introduced in order 
to get a proper pumping curve. 

 
As shown in Fig.5, by placing the QCL and the HEB 

directly face to face, and using a HDPE lens (f=50mm) to 
focus the laser’s radiation, the current-voltage characteristics 
of the HEB at different pumping levels are obtained. It is 
clearly shown that the emission power from the surface 
emitting DFB QCL working at 60K is enough to fully pump 
the HEB (bringing the HEB fully in the normal state). This 
enables the QCL to operate as LO with a HEB mixer in a 
heterodyne receiver where a thin Mylar beam splitter is used 
to reflect the power to the HEB [4]. Based on the pumping 
curve at 60 K with additional 10 dB attenuator, and using the 
iso-thermal method [13], the LO power absorbed at the HEB 
itself is estimated to be 530 nW. Taking all known losses (the 
HDPE window, air, heat filter, Si lens) into account, we 
found that 4% of total emission power from the QCL is 
absorbed by the HEB. Although this is still a low value, the 
coupling efficiency is improved by a factor of 3 compared 
with that obtained with a metal-metal waveguide Fabry-Perot 
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cavity QCL as described in Ref. 4, which is mainly due to the 
improved far-field beam pattern. 

We did not perform the pumping measurement directly at 
70 K. However, we can predict that this laser would be 
powerful enough to pump the HEB at 70 K. Figure 2 
indicates that the output power of the QCL at 70K is about 
half the power generated at 60K. Based on the value of 530 
nW at 60 K, we expect a power of 270nW at the HEB itself 
with the QCL at 70K. This value is more than the optimal LO 
power (140nW). Since the beam is still highly divergent in 
one direction, further improvement can be made by placing 
the QCL closer to the cryostat window and using a short 
focal distance lens. The possibility of operating a QCL at 70 
K or above is crucial for the application in a space instrument 
because it is technically much easier to have such a cooler in 
comparison with a cooler for, e.g. 10 K. 
 

IV. SUMMARY 
In conclusion we have made a set of measurements, like 

the beam pattern measurement, the spectral measurement, 
and pumping a HEB mixer, to demonstrate that the surface 
emitting DFB QCL working at 3.5 THz can be used as LO in 
a heterodyne receiver for the OH line detection. We found 
that the new laser gives a better beam pattern. The QCL can 
fully pump a HEB mixer at 60K, suggesting that there is 
enough power even at 70 K. We emphasize that operating a 
QCL at a temperature of 70 K or above is practically 
important for a real instrument. 
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LO Source 
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Abstract 

 Over the last several years VDI has been developing THz sources based on microwave frequency amplifiers 
and a cascaded series of frequency multipliers. Much of this effort has been focused on the 1.9THz frequency 
range, which is of significant astronomical importance and will soon be accessible from the Sofia airborne 
observatory. This development is now nearing completion with the successful development of sources with power 
levels well above ten microwatts. This effort has required the development of improved millimeter-wave varactor 
multipliers with better thermal grounding for greater power handling, the optimization of the THz multipliers for 
operation at low power levels and the development of improved assembly and testing techniques. This paper will 
discuss the many challenges of achieving useful sources at such high frequency, as well as review the results that 
have been achieved. For example, the figure below shows the measured performance of several frequency triplers 
to the desired frequency band. The results show significant variation from build-to-build, but very impressive 
power levels for the best builds.  

 

 

 Fig. 1. The measured output power of a series of WR0.51x3 triplers to ~1.9THz at room temperature. Each of these 
triplers was pumped by the same lower frequency driver. Although the power level achieved for the best builds is very 

useful for atmospheric purposes, the variation from build to build is indicative of the challenges of developing such 
high frequency sources.
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