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Abstract— Millimetron is a space observatory dedicated to 
astronomical observations in an extensive range from mm to far 
infrared based on the use of a 10-m actively cold (< 10K) 
telescope. The telescope is a lightweight Cassegrain with a 
deployable on-orbit and active segmented primary mirror. The 
observatory will have four type of instruments: a far infrared 
instrument do both imaging and spectroscopy from 20 < λ < 
450µm, a low resolution imaging spectropolarimeter from 300 < λ 
< 3000µm, an array spectrometer for high resolution far infrared 
spectroscopy from 50 < λ < 600µm and a heterodyne receivers for 
space-earth VLBI system. The observatory will be launched in 
the middle of next decade into orbit around the second Earth-Sun 
Lagrange point. 
A large collecting area and state-of-the-art instrumentations on-
board of the observatory will enable unique observations in 
spectral range of great importance for astronomy. These 
observations will allow researchers to find answer to several key 
questions, which are related to the formation of stars and planets, 
galaxies and the interstellar medium, studies of black holes and 
others. We will show the predicted performance, the development 
status and the future prospect. 

I. INTRODUCTION 
The interest of astronomers to the submillimeter and far 

infrared bands is explained by the following: 
• the maximum of radiation of coldest objects in the 

Universe, including dust clouds, asteroids, comets, is 
located in these bands; 

• enable to study an extremely weak objects, because the 
minimum of the sky brightness is located near 300µm; 

• there are very interesting for the atomic and molecular 
spectroscopy; 

• the medium is more transparent than in the radio, near 
infrared and optics; 

• this is the one of the possibilities which can significant 
increase of the angular resolution. 

However, the observations in these bands still remains 
mostly unexplored, because are very technically demanding 
and attenuation of the Earth atmosphere which is practically 
opaque at wavelengths shorter than 300µm. Since the previous 
successfully launched space infrared observatories such as 
ISO[1], IRAS[2], Spitzer[3], AKARI[4] the recent progress in 
observations in submm/FIR is connected with the Herschel 

space telescope [5] and ALMA observatory 
(http://www.almaobservatory.org). The results of Herschel has 
brought a lot of new knowledge on the mechanism of star 
formation, the properties of the interstellar medium in our and 
other galaxies, the atmospheres of bodies of the Solar System, 
etc. However, the limited angular resolution and sensitivity of 
Herschel with 3.5-m primary mirror cooled only to 70K was 
insufficient for many important questions. These questions 
also cannot be solved by ground-based facilities of the near 
future, e.g. ALMA that has high angular resolution and 
sensitivity, but is limited by the Earth's atmosphere. 
Consequently, the next generation space missions open up 
inaccessible regions of the submm/FIR.  

At the same time recent advances in the VLBI, namely the 
RadioAstron Space-VLBI mission [6], the Event Horizon 
Telescope (http://www.eventhorizontelescope.org/) allows to 
expect that with the mm/submm Space VLBI the horizon 
vicinity of black holes can be studied in great detail. These 
considerations lead to the concept of the Millimetron 
observatory. 

II. SCIENCE DRIVERS 
Millimetron space observatory is designed as fruitful 

astronomical instrument, which will be capable to meet the 
demands of astronomers in various fields. A review of 
suggestions of scientific proposals for this observatory can be 
find in the [7], where briefly discuss only the few science 
cases, which are the most important and unique for this 
mission. The studies of the near Universe (the Solar System, 
our Galaxy and several nearby galaxies) with Millimetron will 
answer the questions of the distribution of the Hydrogen and 
water in the various objects, their dynamics and chemical 
composition. The studies of [CII] 158µm and HD 112 and 
56µm spectral lines in the Inter Stellar Medium (ISM) will 
reveal the distribution of the hidden warm Hydrogen, which 
cannot be detected by other means. HD detection is also 
considered as the best way to measure the masses of 
protoplanetary disks [8]. These studies will require the high-
resolution spectroscopy on frequencies up to 6 THz. One of 
the impressive results of Herschel telescope was the discovery 
of the fact that all the star formation takes place in the thin 
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filaments [9]. However, the origin of these filaments, and, in 
particular, the role of the magnetic field in it is not clear up to 
date. Observation of polarization of filament emission with 
help of the Millimetron will shed light on this problem. 

For the cosmology and the distant Universe, Millimetron 
will contribute significantly to the study of high redshift 
galaxies, filling the gap in the spectral coverage between 
ALMA and planned to launch James Webb Space Telescope 
(http://www.jwst.nasa.gov/). In particular, with the help of the 
medium resolution grating spectrometer Millimetron will be 
the only one observatory which can be study the most 
important [CII], [NII], [NIII], [OI], [OIII] spectral lines at 
redshifts z ≤ 5 in the majority of galaxies which are too faint 
for ground-based telescopes. These lines are responsible for 
the rate of star formation and properties of the ISM distant 
galaxies. At higher redshifts Millimetron will search for HD 
and H2 rotational transition emission lines, which will give 
invaluable information about properties of the Population III 
stars and metal-poor galaxies. Such observations will require 
from observatory extremely high sensitivity. 

Deep far infrared images will allow to find many new 
interesting targets for the subsequent spectroscopy by 
Millimetron and for the study in other bands, e.g. by extremely 
large optical telescopes. Far infrared colors can be effectively 
used to select high redshift galaxies [10]. 

The high sensitivity spectrometry at CMB frequencies, 0.5-
3mm, will provide unique information about the Sunyaev-
Zel'dovich effect and for the first time will allow the high 
precision decomposition of thermal and kinetic contributions 
to the effect for a large sample of galaxy clusters [11]. This 
also allows testing the cosmological model and the 
fundamental predictions of physics and astrophysics [12]. 

In the interferometer mode, the main object of interest will 
be the black holes. The black hole itself is radiating nothing, 
but the adjacent material, which is being accreted or 
accelerated, is a source of radiation that is then lensed by the 
black hole. This lensing creates the so-called shadow. 
Measuring its size and shape is the straightforward way to 
confirm the existence of black holes (as objects predicted by 
the General Relativity). The shadows of known black holes 
are predicted to be extremely small: < 40µarcsec, that’s why 
the very high angular resolution is needed. 

III. MILLIMETRON DESIGN AND EXPECTED PERFORMANCE 
In order to achieve the high sensitivity and angular 

resolution which are required by mentioned scientific 
objectives which was indicated in previous section the 
telescope mirrors should be a big and cooled to the 
temperature less than 10K. The big mirror means that it should 
have the greatest possible aperture, but be however light and 
compact to be carried by a launch vehicle into orbit. The 
telescope with deployable primary mirror can only meet the 
latter requirement. The cooling of the telescope to several 
Kelvins allows reaching sensitivity limited by the natural sky 
background. The main parameters of the observatory are given 
in Table 1 and the concept is shown in Figure 1.  

The large aperture telescope is crucial for Millimetron, 
since it allows not only increasing the resolution (as 1/D), but 
also to reduce the confusion limit created by the distant 

submillimeter galaxies, which constitute the Cosmic Infrared 
Background (CIB). 

TABLE 1 
MILLIMETRON MISSION REQUIREMENTS 

Aperture of the telescope 10m 
Aperture ratio f/7 
The telescope wavefront error (RMS) ≤ 10µm (goal ≤5µm) 
Telescope temperature < 10K 
Covering wavelength range 20µm ÷ 20mm 
Modes of observation single-dish or element 

SVLBI system 
Total mass ≤ 6600kg 
Orbit L2 
Life time 10 years (3-5 years cold 

phase) 
Launch vehicle Proton 

 
 

 
Fig. 1 The conceptual design of the Millimetron 

Millimetron will resolve more than 90% of the Cosmic 
Infrared Background into individual sources at wavelengths up 
to 300µm [13]. The optical design of the telescope is a 
classical two-mirror Cassegrain system. Between the 
secondary mirror and focal plane is a third switching mirror. 
This mirror can be precisely and discretely rotated relative to 
the optical axis of the telescope and positioned to connect to 
various instruments. Cold space telescope requires 
minimization of the exterior thermal radiation. This justifies 
the short focus telescope design with the secondary mirror 
shielded by the deep primary mirror. The reflective surface of 
the primary mirror is formed by a central 3m solid dish, and 
24 outer deployable petals unfolded on-orbit. Each 
Millimetron petals consist of three independent segments. 
Currently, the material of choice for the primary mirror is a 
high modulus carbon fiber, and a low temperature cyanate 
ester is supposed to be used as a binder. 

For the Millimetron it is very important to achieve a high 
surface accuracy of the primary mirror after the deployment of 
the telescope in space. The deployment strategy is based on 
the previous successfully launched mission - RadioAstron, 
which has the same size and optimized for working in 
centimeter wavelengths. To achieve the required surface 
accuracy of the space telescope in the FIR, an active surface 
control system will be used to control all segments of the 
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primary mirror with help of the wave-front sensing technique. 
This system will be periodically employed to correct 
inaccuracies in the positions of the deployed segments and 
variations of the overall surface caused by different factors. 

The Millimetron spacecraft can be divided into two parts: 
the payload module and the bus module. We plan to use 
upgraded space bus module Navigator produced by the 
Lavochkin Association, Russia. 

Launch services will be provided by Russia (Russian Space 
Agency) since the Millimetron mission is included in the 
Russian Federal Space Program. The total mass of the 
spacecraft is about 6.6 tons and launch vehicle Proton in 
combination with a booster, are fully satisfactory to carry the 
spacecraft into orbit. 

As we indicated above, cooling is one of the critical issues 
for the Millimetron mission. To achieve the required 
sensitivity of the telescope in the submm/FIR we need to cool 
the entrance optics of the telescope (including antenna) and 
the focal plane instrument down to the temperature about 
4.5K. It may be possible to do this on-orbit only by a 
combination of effective radiation cooling and additional 
mechanical cooling. The telescope will be cooled passively to 
a temperature about 30 – 60K by a suite of the deployable 
multi-layer V-groove shields. The closest to the primary 
mirror cryogenic shield should be cooled to about 20K by 
using 20-K class mechanical coolers. That step reduces the 
radiation loads going from previous shields to primary mirror 
which will have the lower temperature. The 4-K class 
mechanical coolers will be used to cool the antenna as well as 
the focal plane instruments. Typically, those coolers consist of 
two-stage Stirling coolers and Joule-Thomson coolers with 
He-4 as operating gas. Sensitive detectors for submm/FIR 
which will be placed in the instruments of the Millimetron 
require further deep cooling to temperatures about 50-300mK. 
These temperatures will be generated within the instrument (as 
in the Herschel PACS scheme). May be it requires to use a 1-
K class cooler, which consists of two-stage Stirling cooler and 
Joule-Thomson cooler with He-3 as operating gas. The 
mission life time with the active cooling system is estimated to 
be 3 – 5 years and depending of mechanical coolers lifetime. 

IV. SCIENTIFIC INSTRUMENTATION 
As indicated before the mission is going to cover a very 

wide wavelength range of the spectrum from the millimetre to 
the FIR with a four focal plane instruments: MHIFI 
(Millimetron Heterodyne Instrument for the Far Infrared), 
SACS (Short wave Array Camera/Spectrometer), LACS 
(Long wave Array Camera/Spectrometer) and heterodyne 
receivers for SVLBI. The cold parts of all receivers will be 
installed within a cryogenic container in focal plane of the 
telescope. 

The MHIFI is a successor of the Herschel HIFI instrument. 
It will cover higher frequencies, up to 6THz (50µm). A new 
approach for that type of instruments is a multi-pixel design. 
The mixer technology for the frequencies below 1 THz will be 
SIS (Superconductor-Insulator- Superconductor) and HEB 
(Hot Electron Bolometer) for the higher frequencies. We 
predicted sensitivity of the instrument about 5 quantum limits. 
The low frequency bands of the MHIFI (557-752 and 752-950 
GHz) can be also used as SVLBI receivers. Up to day the 

many parts of the instrument has high technology readiness 
level (TRL). 

The SACS will operate at wavelengths range 20-450µm. It 
will contain a grating spectrometer with medium spectral 
resolution (R ≈ 1000) and at the same time an imaging camera 
with up to thousand pixels and field of view 6x6 arcmin at > 
2THz. The concept of spectrometer will be analogous to the 
BLISS instrument [14]. This instrument allows observing 
wide spectral range simultaneously with very high sensitivity. 
The required detector sensitivity in terms of Noise Equivalent 
Power (NEP) should be about 1×10-19W/Hz1/2 or less. 

The LACS (spectropolarimeter) consists of a differential 
Fourier spectrometer for covering wavelengths from 0.3 to 
3mm and several bands imaging camera with number of pixels 
in the range from 6 to 100. Since LACS works in the 
wavelength range where the CMB radiation (signal) plays 
dominated role, the requirements for sensitivity of the 
detectors for him can be relaxed to 10-18 ÷10-17 W/Hz1/2. 

The heterodyne receivers for SVLBI mode should cover 
bands of 1.35 cm (22 GHz) and ALMA bands 1 (33-50 GHz), 
3 (84-119 GHz), 6 (211-275 GHz), and probably 9 (602-720 
GHz) and 10 (787-950 GHz). The last two bands will be the 
parts of the MHIFI instrument, while the other bands will be 
separate instruments. For this observations mode we plan to 
use an on-board maser reference (hydrogen maser) and an on-
board formatter with memory up 10TB. After preliminary on-
board processing the high-speed down-link transmits the data 
to the ground for the further processing. All the receivers are 
sensitive to polarisation. The instantaneous bandwidth of all 
SVLBI receivers will be about 4 GHz per polarization. The 
limitation of this bandwidth today goes from the on-board 
memory volume and low data rates in communication channel. 

V. DISCUSSION OF FUTURE PROSPECT 
Currently Millimetron is supported and approved by the 

Russian Space Agency. The telescope construction, 
mechanical design, the space bus module, the mirror 
technology, SVLBI receivers, sun shields and many other 
parts are now in the phase of development, verification and 
testing. 
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Abstract—In order to realize affordable, long-duration missions 
utilizing superconducting receivers, we investigate the use of an 
active cooler to achieve the bath temperatures required to operate 
detectors instead of using a liquid helium-filled cryostat. Although 
past large missions such as Herschel and Spitzer have successfully 
used liquid helium-cooled instruments during their mission 
lifetimes, they owed their longevity to their chosen orbit: in low-
Earth orbit or a suborbital environment the thermal environment 
severely constrains the lifetime of a liquid helium-cooled cryostat. 
On the other hand, power consumption of a commercially 
available 4 K-class cooler can easily exhaust resources of a balloon 
gondola or spacecraft. For our application we require highly 
specialized, low power coolers. We describe the operation of a THz 
receiver instrumented on a Lockheed Martin four-stage pulse tube 
refrigerator, which was developed under NASA’s Advanced 
Cryocooler Technology Development Program (ACTDP). The 
cooler’s demonstrated performance margin will allow us to 
implement array receivers for long-duration (>0.5 yr) suborbital 
and orbital missions. 

I. INTRODUCTION 

Studies of the interstellar medium using Herschel’s 
heterodyne instrument HIFI have established the utility of far-
infrared fine structure lines to further our understanding of how 
diffuse hydrogen gas turns into natal environment where stars 
are born. The Stratospheric Terahertz Observatory, a small 
suborbital mission, will continue this work by mapping a 
portion of the sky in three THz spectral lines. A comprehensive 
study of the interstellar medium using THz lines will allow 
bigger questions to be addressed about how our Galaxy was 
formed and shaped, what transport of energy and mass occur to 
regions outside the Milky Way, and how to interpret emission 
from extragalactic sources across the history of the Universe. 
Indeed, the proposed GUSTO mission will work towards this 
goal by mapping a much larger area of the Milky Way. Given a 
fixed size for the detector array, the practical limit to sky 
coverage is determined by the lifetime of the cryogenic system, 
where liquid helium-cooled (<4.2 K) cryostats are used. These 
systems typically limit mission duration to about 3 months in 
low-Earth orbit and suborbital environments. In order to be able 
to extend the mission lifetime and hence the science return, we 
wish to consider low-power mechanical refrigerators, which 
can run continuously for years. 

The NASA Advanced Cryocooler Technology Development 
Program (ACTDP) solicited the development of mechanical 

refrigerators for future missions, one of which evolved into the 
James Webb Space Telescope. JWST is now in the 
development phase with Northrup Grumman having been 
chosen to provide the cryogenic subsystem. The basic ACTDP 
requirements were simultaneous heat lift of 20 mW at 6 K and 
150 mW at 18 K, an overall system power consumption of 200 
W, mass of 40 kg, and a lifetime of 10 years continuous 
operation [1]. These specifications match quite well with what 
a straightforward ~20 pixel NbN superconducting heterodyne 
receiver system would require, and the resources are relatively 
easily managed by existing gondolas and low-cost spacecraft 
buses. Similar performance has been demonstrated by a 
cryocooler system built by Sumitomo [2]. Fortuitously, under 
the ACTDP program Lockheed Martin delivered to JPL a fully 
functional, well-characterized four-stage pulse tube refrigerator 
[3] that met (or exceeded) the original program requirements. 
We have housed the cryocooler in a practical vacuum housing, 
assembled the required electronic controller, begun to assess 
and analyze the performance of the cooler, and are currently 
modifying the system to incorporate a single-pixel THz mixer. 

 
 

 
Figure 1. As-delivered configuration of the Lockheed Martin pulse tube 
refrigerator (left). The assembly was designed to be tested entirely in vacuum. 
Details are in reference [3]. The current configuration of the refrigerator housed 
in a vacuum jacket (right). 

II. CRYOCOOLER PERFORMANCE 

The Lockheed Martin refrigerator is a 4-stage pulse tube 
cryocooler with a single compressor module. During final 
testing at Lockheed Martin, the refrigerator was reconfigured to 
maximize cooling power at 6 K. The fridge was then modified 
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to operate in a 77 K radiative environment and to eliminate 
cooling power at the 18 K stage. The refrigerator was shipped 
to JPL in this configuration (Figure 1, left). 

For testing at JPL the cold head is housed in a vacuum jacket, 
with the heat rejection plate used as the vacuum bulkhead 
(Figures 1 & 2). For the drive electronics we use a commercial 
function generator followed by a water-cooled class D audio 
amplifier to excite the compressor coils at ~30 Hz. The 
refrigerator’s heat rejection plate, compressor and amplifier are 
cooled, for the time being, with a laboratory circulating chiller.  

 
Figure 2. A cartoon rendering of the cryocooler cold head enclosed in the 
vacuum jacket (right) showing how a mixer assembly (with integrated 
amplifier) might be attached to the 6 K cold finger. For single pixel operation, 
this is the simplest configuration; for multiple-pixel operation, the amplifiers 
would be placed on the 3rd or even the 2nd stage. 

After setting up the cryocooler at JPL, the first stage 
inertance tube was shortened to restore the cooling power 
necessary to operate the fridge in a room temperature 
environment; inertance tubes on the third stage have been left 
unmodified for the current set of tests. With this modification 
we expect to observe reduced cooling capacity on the 18 K 
stage. In addition we use 4He as the refrigerant instead of 3He 
as originally intended, which further reduces the cooling power. 
Radiation shields have been installed, thermally anchored to the 
first and second stages. Currently, the no-load minimum 
temperatures we observe with the fridge are 96 K, 32 K, 17 K, 
and 4.5 K at the first, second, third and fourth stages, 
respectively. 

The cooling capacity in its current configuration is sufficient 
to begin work integrating a receiver into the refrigerator: with 
200 W delivered to the compressor, the fridge can lift 20 mW 
at 6 K with no load on the 18 K stage, or 11 mW with 50 mW 
applied on the 18 K stage. Figure 3 shows the heat lift as a 
function of the 6 K (fourth) stage temperature with no power 
applied to the third stage. The highest temperature our NbN 

mixers can operate is 8.5 K, and the heat lift on the fourth stage 
at this temperature is ~45 mW. Prior to installing the mixer, the 
cooler will need modifications that include opening an optical 
access to the 4th stage and adding a coaxial cable to convey the 
signal to the outside. The estimated heat load from one low-
noise amplifier and coaxial cable path is <10 mW. Thus, even 
its current configuration, the fridge has sufficient cooling power 
and margin to accommodate 4 mixers, or may be run with just 
100 W of compressor power to provide sufficient heat lift to 
operate one mixer.  In the future, to accommodate a greater 
number of pixels, the first-stage amplifiers would be mounted 
on the third or possibly the second stage. We would also need 
to optimize the cryocooler’s performance by modifying the 
third stage inertance tube, similar to what we did for the first 
stage. 

 
Figure 3. Measurement of the 4th stage heat lift with no power applied to the 
3rd stage with 200 W of compressor power. The maximum temperature before 
significant noise degradation occurs at 8.5 K. The two plot colors show 
measurements made on successive cool-downs. 
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Abstract— Due to their ease of multiplexing and high sensitivity 

Microwave kinetic inductor detectors (MKID) has become a 

detector of choice for ground based instruments which require 

large detector count. Major telescope cameras, like AMKID and 

NIKA, NIKA-2 has large MKID arrays implemented. MKIDs 

has also very good potential for being used as detectors for far 

infrared space mission. In order to address specific 

requirements associated with typical space conditions, i.e. low 

background power, cosmic ray sensitivity, frequency bands 

outside typical atmospheric transmission window a consortium 

of institutes (SPACEKIDS) has acquired European FP7 funding 

to develop and demonstrate KID technology for space. In this 

contribution we will present main specifications and 

requirements, mission concepts and also key results obtained by 

SPACEKID consortium so far, on its task do demonstrate MKID 

technology suitable for space. 
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Abstract—Recent sub-THz and 30 THz observations revealed an 
unexpected new spectral component, with fluxes increasing 
towards THz frequencies, simultaneously with the well known 
component peaking at microwaves, bringing challenging 
constraints for interpretation. The knowledge of the complete 
THz flare spectrum is the essential requirement for 
understanding the origin of this radiation. We present the 
concept, fabrication and performance of telescope photometric 
systems to observe solar flares at 3 and 7 THz from above the 
atmosphere, named SOLAR-T, and at 0.85 and 1.4 THz from the 
ground at a high altitude site, named HATS. The innovative 
optical setup allows observations of the full solar disk with high 
sensitivity to detect small burst transients (tens of solar flux 
units) with time resolution of less than one second. The SOLAR-
T space experiment uses two Golay cell detectors at the focus of 
7.6 cm Cassegrain telescopes. The incoming radiation undergoes 
low-pass filters made of rough surface primary mirrors and 
membranes, 3 and 7 THz band-pass filters, and choppers. The 
system has been integrated to data acquisition and telemetry 
modules for this application. Tests comprised the whole system 
performance, on ambient and low pressure and temperature 
conditions. SOLAR-T is being integrated to U.C. Berkeley 
gamma-ray GRIPS experiment to be flown on a long duration 
stratospheric balloon mission over Antarctica. The HATS 
telescope utilizes the same principles, with a 46 cm rough mirror 
Newtonian telescope, a Golay cell sensor preceded by low pass 
filter, and a double window chopper, each one with band pass 
filters at 0.87 and 1.4 THz. HATS now undergoes operational 
tests in Brazil, and is planned for operations in 2015 at a site to 
be selected in the Andes Cordillera, above 5000 m altitude. 

I. GHZ, SUB-THZ AND THZ FLARE OBSERVATIONS 
    A number of solar bursts observed at GHz, sub-THz and 30 
THz frequencies indicate an emission spectral component at 
this range [1-4], distinct from the well known microwaves 
emission that maximizes at few to tens GHz. These results 
raise serious interpretation problems to explain both the sub-
THz and the concurrent microwave component [5,6] (Figs. 1 
and 2). The physical nature of the THz emission remains 
mysterious. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 1 - Solar burst of December 6, 2006 with time profiles in the upper panel, 
from top to bottom, at GHz (OVSA) and sub-THz (SST) frequencies, GOES 
soft X-rays and RHESSI soft and hard X-rays. In lower panel, the two GHz 
and sub-THz spectral components at different phases of the burst (after [3]). 
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Fig. 2 - The March 13, 2012 solar burst was observed at a wide range of 
frequencies, from MHz, GHz (RSTN and solar mm-w polarimeters), sub-THz 
(SST), 30 THz (at El Leoncito), visible, UV (SDO), GOES soft X-rays, 
RHESSI soft and hard X-rays and FERMI hard-X rays. Time profiles at the 
top are for the impulsive phase at white-light and 30 THz. Corresponding 
images at the mid panel . The lower panel shows the suggested double spectral 
components, one in the GHz to sub-THz range, another extending to 30 THz 
(after [4]).  

 
New insights on the physical processes involved need 

the complete THz spectral description. This requires 
observations with detectors outside the terrestrial atmosphere. 
Experiments SIRE [7] and DESIR [8] have been proposed to 
observe solar flares in the THz range from space. Solar 
activity may also be observed through few atmospheric THz 
transmission “windows” at exceptionally good high altitude 
ground based locations [9]. 

II. THE 3 AND 7 THZ SOLAR-T SPACE EXPERIMENT 
The THz solar photometers system, named SOLAR-T, is 

the result of more than ten years of research on detecting 
devices, development and characterization of materials, filters 
and systems. Several prototypes have been built and tested for 
their performances [10-11].  The definitive system to be flown 

on stratospheric balloon, has been built at Tydex LCC, Saint 
Petersburg, Russia, integrated to data acquisition and 
telemetry modules developed for this application, and tested at 
Propertech Ltda. and Neuron Ltda. in Brazil [12]. It utilizes 
two modern versions of Golay cell detectors [13,14] preceded 
by low- pass filters made of rough surface primary mirrors 
[15,16] and membranes [17] to suppress visible and near IR 
radiation, 3 and 7 THz metal mesh band-pass filters [18,19], 
and choppers. One innovative photon concentrator [14, 20] 
combines the formation of a full solar disk image at the focal 
plane with size smaller than the size of the surface of the 
detecting element with the primary aperture. It becomes 
possible to use apertures large enough to detect small solar 
bursts without the need to point at a particular location on the 
solar disk with narrow beams, a limitation found in usual 
coherent optical configurations. The SOLAR-T will be flown 
together with U.C. Berkeley, SSL, gamma-rays experiment 
GRIPS [21] on long duration stratospheric balloon mission 
(one month) over Antarctica, scheduled for the southern 
summer 2015-2016.  Fig. 3 illustrates the SOLAR-T design 
concept and the complete experiment with the data acquisition 
and Iridium telemetry modules (the aluminium lateral blocks), 
being assembled on GRIPS boom. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 – The SOLAR-T photometers assembly concept, upper panel, shows 
the Golay cell detector, preceded by TydexBlack low-pass filter membrane, a 
resonant metal mesh band-pass filter, and a resonant tuning fork 20 Hz 
chopper. The 76 mm Cassegrain telescope on the right has a rough surface to 
further diffuse the visible and near IR radiation. The lower panel shows the 
complete experiment being adapted to boom of the GRIPS experiment at SSL, 
U.C. Berkeley. 

III. SOLAR-T TESTS AND PERFORMANCE 
The Golay cells have two relevant characteristic response 

properties for the observations proposed here: (1) the noise 
fluctuations is constant and the same for the whole range of 
input temperatures and (2) the voltage outputs are proportional 
to the input temperatures. The calibration produced 
characteristic photometer output response of 4.2 K/mV at 3 
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THz and 9.8 K/mV at 7 THz. Measured output system 
stability in response to a hot source input, with data points 
every 256 ms, smoothed over 11 points, exhibited peak-to-
peak fluctuations of about 5 10-2 mV,   which corresponds to 0.5 
K for both THz photometers.  Neglecting the air attenuation 
above the atmosphere, the aperture efficiencies obtained were 
of 0.2 and 0.15 at 3 and 7 THz, respectively. The three sigma 
detectable flux densities for ∆T ≈ 0.5 K correspond to less 
than about 150-200 SFU at 3 and 7 THz respectively.  

Operational tests performed at SSL, U.C. Berkeley have 
confirmed SOLAR-T performance. Samples of data acquired 
with 256 ms time resolution were transmitted from SOLAR-T 
by the Iridium based Short Data Burst services and received 
without any data point lost. 

IV. THE GROUND-BASED HATS EXPERIMENT 
The terrestrial atmosphere present transmission windows at 

sub-THz and THz frequency bands at high altitude sites for 
low precipitable water vapour content (PWV) [9,22]. 
Transmissions better than 50% at 0.67 and 0.85 THz bands 
and better than 15% at 1.3 and 1.5 THz bands can be attained 
at 5000m altitude with PWV < 1mm.  

A telescope has been designed for photometry of solar 
flares at 0.87 and 1.4 THz. It utilises the same optical concept 
of SOLAR-T[12]. A short focal length 46 cm diameter mirror, 
producing a solar image smaller than the Golay cell detector 
input cone placed at its Newtonian focus, as shown in Figures 
4 and 5. Band-pass metal mesh filters were fabricated with 
bandwidth of 20% of the central frequencies. They are placed 
at the separate chopper wheel windows. To account for the 40 
ms Golay cell response time constant [23], the input radiation 
gets into the filter during 50 ms, then blocked along 250 ms 
for the cell return to the ground level, followed by the next 
frequency filter and blockage. A set of readings are recorded 
at the end of each phase. A synchronous detection firmware 
has been developed for the data acquisition of the two 
frequency photometric readings. The radiation input at each 
frequency is measured once every 600 ms.  

 
 
Fig. 4 – Schematic diagram of HATS photometric telescope 

Figure 5, left, show the complete HATS assembly. Right 
panels, top right: the case containing the Golay cell and 
chopper placed at the Newtonian focus; middle: the chopper 
wheel exhibiting the windows with metal mesh band-pass 
filters, one at 0.87 THz  and another at 1.4 THz; lower  panel 
shows the 46 cm rough surface mirror. 

 

 
Fig. 5 – Left: the complete HATS system assembly undergoing operational 
tests. Right, top: the Golay cell and double window wheel front-end case at 
the Newtonian focus; middle: chopper wheel with 0.87 and 1.4 THz band-pass 
filter windows; bottom: the 46 cm rough surface reflector with three small 
polished mirrors for alignment adjustments.   
 
    The HATS system operational tests performed at Propertech 
facilities, Jacareí, SP. Brazil have demonstrated appropriate 
performance. The telescope was placed at a robotic Paramount 
polar mount [24]. The fine tracking corrections will be 
supported by a Hutech-Hinode sun-guider [25] installed on the 
telescope body, interfaced to the mount tracking software.  
    Preliminary measurements have shown that the system can 
detect three sigma excess temperature excess smaller than 0.5 
K at each frequency. The three sigma solar burst detection 
sensitivity can be predicted for the aperture effective area 
taking into account all transmission factors at the two 
frequencies: (1) instrumental (a) physical blockage, 0.85; (b) 
low-pass filter rough mirror reflection, 0.90; (c) two 2 mm 
thick TPX windows 0.76 at 0.87 THz and 0.72 at 1.4 THz; (d) 
Tydex low-pass filter LPF23.1 membrane, 0.7 at 0.85 THz and 
0.5 at 1.4 THz; and (e) band-pass filter, 0.9. Net transmissions 
due to instrumental losses: 0.37 and 0.25 at 0.85 and 1.4 THz 
respectively. (2) Atmospheric transmission of about 0.5 at 
0.87 THz and 0.15 at 1.4 THz, in the zenith direction, might 
be assumed for a high altitude location exhibiting precipitable 
water vapour content < 1 mm [22].  For solar observations at 
an elevation angle of 45 degrees the net aperture effective 
areas become 0.023 m2 at 0.87 THz and 0.003 m2 at 1.4 THz, 
respectively. For three sigma ∆T ˂ 0.5 K the predicted 
minimum detectable flux densities become ˂ 5 SFU at 0.87 
THz and of ˂ 40 SFU at 1.4 THz. A new data sampling 

0.87 THz mesh 

1.4 THz mesh 
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technique is being added to further improve the HATS 
response to small THz burst levels.  

A site is being selected for definitive installation and 
operations in 2015. The atmosphere THz transmission 
conditions described before are attained at Chajnantor, Chile 
Atacama plateau, at 5000 m altitude, for about 100 days each 
year [22]. Good transmission conditions are expected at 
Famatina Mountain, above 5200m altitude, in Argentina La 
Rioja region. 

V. CONCLUDING REMARKS 
In the course of 2015-2016 it is expected to obtain the 

unprecedented solar flare spectral coverage at 45, 90, 212, 405 
GHz (El Leoncito); 0.87 and 1.4 THz with HATS; 3 and 7 
THz from space, and ground-based 30 THz in Argentina and 
Brazil. These observations, combined with other ground-based 
radio, visible, space EUV, X- and Gamma rays, will provide 
an unique extended spectral description of the solar flare 
emissions which shall bring new clues to understand the still 
mysterious energy conversion physical processes in the Sun. 
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Abstract— We investigate the noise and the gain of MgB2 Hot-

Electron Bolometer (HEB) mixers at 1.63THz LO. The critical 

temperature of the HEB was 22K and the film thickness was 

20nm. At 4.2K and 12K bath temperatures the lowest obtained 

receiver noise temperatures are 1700K and 2100K, respectively, 

with a noise bandwidth of about 4.6GHz. The gain bandwidth is 

about 3GHz in both cases.  

I. INTRODUCTION 

During the last decade superconducting Hot-Electron 

Bolometer (HEB) mixers have gain a lot of interest for high 

spectral resolution radio astronomy [1]. A low noise 

temperature (800 K-1500 K) at Local Oscillator (LO) 

frequencies from 1 THz to 4.7 THz combined with an IF 

bandwidth of 3-6GHz can now be obtained in many research 

groups. One of the most recent achievements of HEB mixers 

is a 4.7THz receiver on SOFIA [2]. Most of those HEB mixers 

utilize 3-10nm NbN films with a Tc of 8-11 K. NbTiN HEB 

mixers can provide a sensitivity similar to those made of NbN, 

however the IF bandwidth is smaller. 

More recently, superconducting MgB2 films have been 

suggested [3] as an alternative to both NbN and NbTiN. A Tc 

of 40K, a short electron-phonon interaction time, and progress 

in thin film depositions looked all promising for better 

performance HEB mixers.  

 The goals of our study of MgB2 HEB mixers are twofold. 

First, we aim for a gain/ noise bandwidth larger compared to 

the above mentioned NbN and NbTiN HEB mixers. Previous 

studies of MgB2 thin films suggest that a gain bandwidth of at 

least 8GHz can be achieved for films thinner than 15nm with 

a Tc >25-30K. Recent publications quoted an achieved gain 

bandwidth of 2-3GHz for 10nm MgB2 films with a Tc of 9K 

and 20nm films with a Tc of 20K. For 10nm films with a Tc 

of 15K a gain bandwidth of 3.4GHz and a noise bandwidth of 

6-7GHz was reported in [4]. The latest publication reported a 

gain bandwidth >8GHz for films 15nm thick with a Tc of 33K 

[5]. Therefore, there is a clear indication that with thinner 

films and higher Tc’s the gain bandwidth can be pushed even 

further.  

The second aim is to increase the operation temperature of 

HEB mixers to temperatures >15-20K where compact cryo 

coolers exist. Compared to NbN HEB mixers, which require 

either LHe or bulkier 4K cryo coolers, MgB2 HEB mixers 

would allow for a much longer life time of space borne THz 

observatories.  

Previously, we reported a 600K Double Sideband Noise 

Temperature for HEB mixers made of an MgB2 film with a 

Tc about 8K at 600GHz LO and 1150K at 1.63THz LO. In [6] 

a 700K and a 1400K DSB noise temperatures have also been 

obtained for similar films at 1.63THz and 2.55THz LOs, 

respectively. A DSB Tr of 1800K was also reported for a 

device with a Tc of 15K. Yet it remained unclear what noise 

temperature can be achieved if the Tc will increase even 

further. From the basic theory of HEB mixers it follows that 

the output noise temperature is proportional to the Tc. In [6], 

a Tr of 3900K was reported for devices 15nm thick and a Tc 

of 33K at 0.6 THz LO. So, will the noise temperature of MgB2 

HEB mixers increase so much that it will make devices with 

a Tc of  >20-30K useless for radio astronomy? This is the 

main question which we attempt to resolve with the presented 

investigation. 

Currently, the highest Tc of our MgB2 films is about 22-

24K for 20nm. Below, we present an investigation of the 

noise temperature, the noise and the gain bandwidth, at 1.63 

THz LO at both 4.2K and 12K bath temperature for a device 

made of such film.  

II. METHODS 

The MgB2 thin film was deposited on a heated c-cut Al2O3 

substrate using Molecular Beam Epitaxy (MBE). The film 

thickness was controlled by the deposition time, and it was 

about 20nm. A 20nm gold film was deposited in-situ after the 

film cooled down. We consider that in-situ deposition of the 

gold film provides both a lower MgB2 to Au contact 

resistance and a protection from the MgB2 oxidation during 

the film storage and initial steps of the HEB fabrication 

process.  

The HEB mixers were fabricated with e-beam lithography 

and lift-off processes. Thy substrate held 8 devices with 

bolometers of various dimensions, all survived during the 

processing and dicing. For the RF tests a device with a 

bolometer of 1µm wide and 200nm long was selected with a 

room temperature resistance of 305 Ohm, and a resistance just 
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above the Tc of 330Ohm. The critical temperature was about 

22-23K (see Fig.1). The critical current at 4.2K was about 

1mA, which corresponds to the critical current density of 

5×106 A/cm2. The normal state resistivity of the MgB2 film is 

about 3 mOhm×cm. Interestingly, the scatter of the normal 

state resistivity between the devices on the discussed substrate 

(from 0.3 to 7 mOhm×cm) is much larger than the scatter of 

Tc ‘s (from 22 K to 24K) or Jc (from 5×106 A/cm2 to 13×106 

A/cm2 ). The presence of the double transition (Fig.1) suggest 

that the electrical contact between MgB2 and Au is rather 

good.  

The bolometer is integrated with a planar spiral antenna. 

For the RF tests, the HEB chip is attached to the back side of 

a 5mm diameter elliptical Si lens. A parabolic aluminium 

mirror is installed in the cryostat for the beam collimation. A 

bias-T and a Chalmers IF LNA (2-4GHz, TN=3K) are 

installed on the same cold plate of the LHe cryostat. This 

bandwidth is given for the matching to 50 Ohm input 

impedance. However, a low noise and a high gain are 

obtained in the 1-4GHz bandwidth. At room temperature, the 

IF signal was further amplified and measured with a power 

meter. A tunable microwave filter (50MHz bandwidth) 

defined the IF frequency. For LO, a FIR gas laser was used at 

the 1.63THz CH2F2 line. The output power of the laser is 

about 1mW. A heater on top of the mixer block was used to 

bring up the mixer temperature above LHe. A thin plastic film 

was placed between the mixer block and the cryostat cold 

plate to minimize the LHe boiling rate during the “heated” 

tests. In order to measure the receiver noise temperature a Y-

factor technique was used (293K/ 77K). The 293K/77K signal 

was alternated with a chopper at about 1Hz rate. The 

transmission loss of the cryostat window, the IR filters, and 

the air loss was used to calculate the “corrected” noise 

temperature. The IF chain noise was not subtracted. Therefore 

we keep the term “the receiver noise temperature”. The noise 

data was also not corrected for the Si lens reflection loss.  

The mixer gain was obtained using a U-factor method [6].  

III. RESULTS 

The measured receiver noise temperature spectrum across 

the 1-4GHz IF band for the mixer temperature of 4.2K is 

presented in Fig. 2. At certain IFs the mixer response on the 

hot-cold load was unstable which resulted in errors in the 

noise temperature measurements (e.g. at 1.9GHz and 

2.9GHz). The fitted line (solid circles) corresponds to a zero 

IF noise temperature of 1650K and a noise bandwidth of 

4.7GHz.  

Considering the LNA noise temperature (see above) the 

mixer gain was calculated using the Y-factor and the U-factor. 

The result is shown in Fig.2 (open squares). Higher ripples for 

IF < 1.8GHz correspond to the IFs with a high LNA return 

 
Fig. 1. Resistance vs Temperature (R-T) dependence for the discussed device 

both in the logarithmic and in the linear scales..  
 

Fig. 2. The DSB receiver noise temperature (corrected for the optics loss) 

(circles) and the mixer gain (squares): measured (open) and fitted (filled). The 
LO was at 1.63 THz, and the bath temperature was 4.2K.  

 

 

 
Fig. 3. The DSB receiver noise temperature (corrected for the optics loss) 

(circles) and the mixer gain (squares): measured (open) and fitted (filled). The 

LO was at 1.63 THz, and the bath temperature was 12 K.  
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loss. The fitted curve corresponds to the zero IF mixer gain of 

-15.5dB and a gain bandwidth of 3 GHz.  

At a bath temperature of about 12K the HEB critical 

current (without LO) is about halve of its value at 4.2K. The 

same noise and gain measurements as at 4.2K were conducted 

at 12K. Results are shown in Fig.3. The fitted zero IF noise 

and gain are 2050K and -15dB. The noise and the gain 

bandwidths are 4.6GHz and 2.9GHz, respectively.  

In the presentation we will present experimental data at 

more temperatures, in particularly those closer to Tc. The LO 

power requirement will also be evaluated. We will discuss the 

obtained experimental results with regards to the material 

parameters and previously published data. 

 

IV. CONCLUSIONS 

For the first time we achieve a low receiver noise 

temperature for MgB2 HEB mixers with a Tc >20K. Presently 

achieved performance of MgB2 HEB mixers at 12K is already 

comparably to the performance of NbN HEB mixers at 4.2K.  

ACKNOWLEDGMENT 

The research at Chalmers University of Technology is 

conducted within a European Research Council grant 

“Teramix”. 

 

REFERENCES

[1] T. de Graauw, F.P. Helmich, T.G. Phillips, J. Stutzki, E. Caux, N. D. 

Whyborn, P. Dieleman, P. R. Roelfsema, H. Aarts, R. Assendorp, et al, “The 

Herschel-Heterodyne Instrument for the Far-Infrared (HIFI),” Astronomy & 
Astrophysics, vol. 518, pp. L6, 2010 

[2] Ch.Risacher, R.Güsten, J.Stutzki, H.-W. Hübers, P. Pütz, ” The 

upGREAT Heterodyne Array Receivers for Far Infrared Astronomy”, in 
Proc. IRMMW Conference, Tuscon, Sept. 2014. 

[3] S. Cherednichenko, V. Drakinskiy, K. Ueda, and M. Naito, “Terahertz 

mixing in MgB2 microbolometers,” Applied Physics Letters, vol. 90, no. 2, 
pp. 023507-3, January 2007. 

[4] S. Bevilacqua, S.Cherednichenko, V. Drakinskiy, J. Stake, H. Shibata and 

Y.Tokura, “Study of IF Bandwidth of MgB Phonon-Cooled Hot-Electron 
Bolometer Mixers ”, IEEE Trans. Terahertz Sci. Technol. vol. 3, no. 4, pp. 

409-415, Jul. 2013 
[5] D. Cunnane, J. H. Kawamura, M. A. Wolak, N. Acharya, T. Tan, X. X. 
Xi, and B. S. Karasik,”Characterization of MgB2 Superconducting Hot 

Electron Bolometers” IEEE Appl. Supercond. vol. 25, no. 3, p. 2300206, June 

2015. 
[6] E. Novoselov, S. Bevilacqua, S. Cherednichenko, H. Shibata, and Y. 

Tokura, “Noise measurements of the low Tc MgB2 HEB mixer at 1.6THz and 

2.6THz”, this conference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 

M2-126TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 

Josephson vs HEB Mixing in Superconducting MgB2 

THz Heterodyne Detectors  
Daniel P. Cunnane

1*
, Narendra Acharya

2
, Mathäus A. Wolak

2
, X. X. Xi

2
, and Boris S. Karasik

1
 

1
California Institute of Technology, Jet Propulsion Laboratory, Pasadena, CA 91125, USA 

2
Temple University, Philadelphia, PA 19122, USA 

*Contact: daniel.p.cunnane@jpl.nasas.gov  phone (818) 354-4488 

 

 
Abstract— Heterodyne detection in the far infrared is important 

to isolate key elements involved in the early formations of stars. 

Typically Nb superconductor-insulator-superconductor (SIS) 

tunnel junctions are utilized up to about 1 THz. Above this 

frequency the workload falls on hot electron bolometers made 

with NbN thin films. In this work, we have fabricated 

superconducting microbridges using MgB2 ultra-thin films. The 

films were fabricated using the hybrid physical chemical vapour 

deposition which is capable of producing films less than 10 nm 

thick, which still exhibit critical temperature above 30 K. These 

microbridges exhibit the Josephson Effect when the film 

thickness is less than 15 nm, probably due to grain boundary 

effects.  This phenomenon can be used as a mixer with properties 

similar to an SIS mixer. There are some major benefits of a 

Josephson detector made in this fashion including the high 

critical temperature allowing for increased operating 

temperature, the low capacitance allowing for easier tuning of the 

antenna-coupled circuit, and higher frequency operation from 

the larger superconducting gap in MgB2. Additionally, the same 

microbridges can be used as hot electron bolometers at higher 

frequencies, still allowing for higher temperature operation and 

an intermediate frequency bandwidth three times larger than 

NbN technology. Here we present the initial results for a 

microbridge which exhibits the Josephson effect at 600 GHz and 

one that does not, verifying the good properties of these 

microbridges as both a Josephson detector, as well as a hot 

electron bolometer.  

I. INTRODUCTION 

Identification of the CII, HD, and OI lines at 1.9, 2.7, and 

4.7 THz, respectively, plays a key role in establishing our 

knowledge of early star formation[1]. The Herschel HIFI 

instrument utilized NbN hot electron bolometers (HEBs) to 

observe the galactic center up to 1.9 THz[2]. Since 

multiplexing of such devices is not yet possible, observation 

times for this frequency were extremely long. This is 

exacerbated by the narrow intermediate frequency (IF) 

bandwidth of NbN HEBs around 2-3 GHz, making multiple 

scans of the same location necessary to ensure a complete set 

of data. The liquid helium required for cooling such devices 

limited the lifetime of the mission, and therefore observation 

time was an extremely limited resource. Additionally, demand 

for IF bandwidth only becomes greater as the trend to higher 

frequencies continues due to Doppler broadening of these 

lines, especially as quantum cascade lasers (QCLs) become 

more widely used as local oscillator sources, which have much 

less tunability than the solid state sources used on HIFI.  

Magnesium diboride (MgB2) is a simple metallic 

superconductor discovered in 2001 to have a transition 

temperature, Tc, around 40 K[3]. Early on, there were some 

attempts to realize detectors made with MgB2 [4,5] but the 

lack of high quality thin films has made no real impact on the 

detector community with the exception of some moderate 

progress on MgB2 HEBs[5], which have nearly identical 

properties to NbN devices. Recently, however, the hybrid 

physical-chemical vapor deposition (HPCVD) method which 

yields thin films with better-than-bulk properties [6], has 

created reason to revisit this material for detector applications. 

Using the HPCVD process to grow films, we have developed 

HEBs with critical temperature above 30 K which are at least 

3 times faster than NbN devices, corresponding to a tripling of 

the IF bandwidth. The advantage in speed of these devices can 

be attributed to the strong electron-phonon interaction 

corresponding to the high critical temperature, leading to a 

small electron-phonon time constant, τe-ph, and the large sound 

velocity in MgB2 (~ 3-times of that in NbN). The high 

acoustic transparency across the interface between the film 

and the substrate (typically SiC) also accelerates the electron 

energy relaxation. Until recently, there was difficulty in 

obtaining devices which compete with NbN HEBs in terms of 

mixer noise temperature, with our most recent results 

achieving just under 4000 K (DSB)[7]. It was noted that the 

main difficulty came in creating good contact between the 

MgB2 bridge and the antenna due to the unavoidable native 

oxide of MgB2. In order to overcome this problem, we simply 

used a thicker MgB2 layer for the antenna, where the loss 

should be even less than in a normal metal for frequencies 

below the gap frequency, fΔ[8]. In this work, we present the 

results obtained utilizing the MgB2 antenna. One side effect 

that came about with this process was the existence of Shapiro 

steps in our devices, indicating that the Josephson effect is at 

least partly responsible for transport across the bridge. As a 

result, we present our device as it operates in two different 

frequency regimes. First, when the detecting/LO frequencies 

are below fΔ of MgB2 where the Josephson effect dominates. 

At this point, we call it a Josephson detector in hopes to 

differentiate the mechanism at higher frequencies, above fΔ  
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Fig. 1. IV curve with, and without pumping by a 600 GHz local oscillator 

source at 11 K bath tempearture. The steps are at voltages corresponding to 

the AC Josephson Effect. 

 

where the mixing is purely a bolometric effect where we 

characterize the detector as an HEB. 

II. JOSEPHSON DETECTOR 

The idea of a Josephson detector has been realized before 

(see, e.g., [9]), though never accepted over an SIS mixer, 

which achieved lower noise temperature initially, and 

therefore gained more popularity leading to additional 

research and a more mature technology.  Both mixers proved 

to have a very large IF bandwidth, low LO power 

requirements with relatively large margins, and lower noise 

temperature than HEBs. While SIS mixers were found to have 

a lower noise temperature, there is a benefit of Josephson 

detectors in that the complicated tuning circuit necessary to 

couple SIS mixers to an antenna may be somewhat less 

complex with a much lower capacitance in Josephson 

Junctions. Of course with MgB2 Josephson detectors, there is 

also the major benefit of operation above 20 K where 

cryocoolers are a much more practical option than at 4 K, 

requiring two orders of magnitude less power 

consumption[10].   

Figure 1 shows the IV curve of an MgB2 mixer with 

enhanced Josephson behavior both with and without incident 

radiation at 600 GHz. The first, second, and third steps 

correspond to a voltage of 1.247 mV/step which accurately 

describes the LO frequency as 603 GHz. A figure of merit of 

any type of Josephson junction is the characteristic voltage, Vc, 

given by the product of the critical current, Ic, and the normal 

resistance of the junction, Rn. Typically, it is recognized that Vc 

is directly related to the superconducting gap parameter of the 

material. In this case, Vc is around 5.25 mV indicating that the 

larger σ-gap of MgB2 plays a role in the Josephson effect of 

these junctions. This is further verified by the n = 2,3 steps 

also seen, indicating harmonics of the initial 600 GHz 

radiation. It is usually assumed that harmonics can be seen up 

to the gap frequency, related to the gap value again by the AC 

Josephson effect. For this device, a third harmonic implies a 

gap frequency of at least 1.8 THz while the characteristic 

voltage may imply a gap frequency as high as 2.5 THz. 

Further work can still be done to try to increase this value to 

ensure that these detectors could be useful to observe the 

desirable 1.9 THz line, currently only possible with HEB 

devices, which exhibit somewhat higher noise temperature. It 

should be pointed out that this work was done around 11 K, 

and so if operated at a lower temperature, fΔ could prove to be 

somewhat higher. 

In the case that it is indeed possible to utilize these 

detectors at 1.9 THz, another major benefit of these detectors 

is that they are much faster than HEBs which are standard 

detectors for this frequency. The noise bandwidth for this 

device was measured and found to be only limited by the 

cryogenic low noise amplifier (LNA) which has a bandwidth 

from 1-12 GHz.  Further results on the noise bandwidth as 

well as the gain bandwidth will be presented elsewhere.  

Figure 2 shows the IF output power as a function of the 

voltage bias of the device. The red curve is when the LO is 

mixed with a 300 K blackbody through a Mylar beam splitter 

while the blue curve is for a 77 K blackbody (dipped in liquid 

nitrogen). The noise temperature is calculated using the 

standard Y-factor technique. This curve indicates clearly 

where the steps are located in the sharp anti-peaks. On either 

side of the step, as the transition to the resistive state occurs a 

local maxima is seen in the rf output power. In between these 

local maxima is where the minimum noise temperature is 

seen. As expected, the noise temperature of these Josephson 

detectors was found to be quite low. Even without any 

optimization of the optics, the lowest noise temperature of this 

device was around 1100 K at 13 K. NbN detectors typically 

work up to about 0.8Tc, and so we expect similar performance 

out of the MgB2 counterparts. Optimistically, for a device with  

Tc of 34 K, we  could expect the noise temperature to double 

at ~ 27 K, so operation at this temperature would in fact be 

practical. Our aim is to operate around 20 K which leaves 

some room for unexpected difficulties.  

A further reduction in noise temperature can be expected if 

the device impedance is better matched to the antenna and if 

an antireflective coating is used on the Si lens in the quasi- 

 

Fig. 2 IF output power as a function of bias voltage for the Josephson 

Detector. The inset shows a reduced scale at the point where the minimum 

noise temperature is found to be 1100 K. 
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optical scheme. More than 50 % improvement can be expected 

just by increasing the device resistance from 25 Ω to 75 Ω and 

optimizing the optics. Additional improvements may be seen 

if the thickness of the superconducting antenna is increased as 

the current thickness is only about double the reported value 

of the penetration depth of the HPCVD films[11]. This implies 

that the optimized noise temperature of this type of detector 

may be similar to the state of the art SIS mixers, just 2-3 times 

higher than the quantum limit.  

III. HOT ELECTRON BOLOMETER 

When the film thickness is around 15 nm or more, grain 

boundary junctions are less common and do not dominate 

transport through the bridge. In this case, the device is 

characterized as a hot electron bolometer. In general, the 

Josephson effect is minimized as the film gets thicker, 

probably due to the fact that film growth can be thought of 

like piling pancakes on top of one another, so additional layers 

add a third dimension for current to travel which may be less 

resistive than if the current travelled directly across a grain 

boundary. This is also the case when the detection frequency 

is much larger than fΔ and the pumping mechanism is purely 

bolometric. These devices have been previously characterized 

and found to be much faster than NbN devices. Figure 3 

shows the gain bandwidth of an HEB made with 15 nm film at 

different bias points from [12]. The dashed line shows the best 

fit where fc indicates the cut-off frequency. Here an optimally 

biased device around 3 mV is found to have a bandwidth of 

about 7 GHz, which is about double the bandwidth of a NbN 

HEB with film thickness around 5 nm. The difference in film 

thickness is important to note as MgB2 film deposition has 

made some recent progress, where it is capable to produce 

devices with film as thin as 6 nm. More results will be 

presented on film growth advancement elsewhere.  

Figure 4 from [7] is a similar measurement of the same 

device as in Fig. 3, except that the different curves describe 

the gain bandwidth at different temperatures. Although there is 

some discrepancy about the bias point for different 

temperatures, since the IV curve will have a different shape 

and there is a bias dependence in the gain bandwidth, but we 

avoided this issue by biasing optimally at low temperature and 

attempting to maintain a similar bias point, decreasing from 3 

mV at 9 K to about 2 mV at 25 K. This corresponds to a point 

just past the transition peak seen in the IF power as a function 

of bias voltage. The general idea is to present the fact that the 

gain bandwidth increases as a function of temperature. The 

result is that we see a bandwidth of 8.6 GHz at 25 K. We 

expect that a device made with 10 nm film can reach 10 GHz 

of bandwidth. Going much thinner than this will yield even 

large bandwidth, and has the additional benefit of minimizing 

LO power requirements, however bandwidth much larger than 

10 GHz seems like it would already require new technologies 

on the back end of a receiver. While the data in Fig. 4 do not 

give an accurate representation of the quantitative dependence 

of bandwidth as a function of temperature, the device did not 

exhibit such a large bandwidth at 9 K for any bias point, and 

so there is definitive verification that the bandwidth has some, 

yet unknown, dependence on temperature. 

 

 

 

Fig. 3. Gain bandwidth of a MgB2 HEB for different bias points from ref. 12. 

Fig. 4. Gain bandwidth of a MgB2 HEB for different bath temperatures from 

[7]. 

Although no data are currently available for higher 

frequency measurements of these devices, the device 

presented from Figs. 3 and 4 do not exhibit any Josephson 

effect at 600 GHz, probably because the thickness is greater 

than some percolation limit of the film. The noise temperature 

of this device was around 4000 K, but investigations presented 

in [7] showed that there was a large contribution to the RF loss 

due to a fabrication issue in the antenna. Upon adding the 

thick superconducting antenna, we see about an order of 

magnitude better coupling of the radiation to the device, and 

so we would expect a similar device to have about 25% of the 

noise temperature, or around 1000 K. Measurements using a 

FIR gas laser are expected to be completed soon with 

monochromatic lines up at 1.0, 1.6, 2.5, and 4.3 THz. If the 

relatively low noise temperature remains at these frequencies, 

MgB2 will prove to outperform NbN devices in bandwidth, 

operating at 20 K, without any significant loss in sensitivity. 

At this point we hope to begin development of an MgB2-based 

receiver with a QCL LO and mixer both mounted in the same 

cryocooler for operation around 20 K.     
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IV. CONCLUSIONS 

To summarize, we have presented a mixer made with MgB2 

ultra-thin films developed using the HPCVD growth process. 

The results presented here, and in recent publications include a 

low noise Josephson detector potentially working to 

frequencies up to 2 THz, and a large bandwidth HEB for 

operation at 20 K. We hope to fully conceptualize the 

advantages of MgB2 mixers for heterodyne detection of FIR 

frequencies at an operating temperature of 20 K by verifying a 

noise temperature similar to that obtained using NbN HEBs at 

4.2 K. In the future we plan begin work on receiver utilizing 

these mixers. 
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Abstract— We report on the development of waveguide HEB 
mixers for the upGREAT low frequency array (LFA). upGREAT 
is the focal plane array extension of the German Receiver for 
Astronomy at THz frequencies (GREAT) in operation on SOFIA. 
Its LFA will have 14 pixels for the 1.9–2.5 THz band divided in 
two 7 pixel hexagonal sub arrays. The mean corrected noise 
temperature of 12 of the 14 mixers characterized so far, averaged 
over a 1 – 2 GHz IF bandwidth, is 700 K (+/- 100 K). In order to 
meet the LO power requirement of the receiver we reduced the 
NbN HEB device volume to 3.5 nm thickness x 200 nm length x 
3250 nm width (120 Ohm normal state impedance), by a re-
optimization of the critical NbN device layer and an adjustment 
of the RF circuit. We will present the measured performance of 
the mixers with a focus on uniformity.  

I. INTRODUCTION 
GREAT is the THz heterodyne high-resolution 

spectroscopy instrument (R > 1E7) on SOFIA and has been in 
operation since 2011 [1]. The single pixel receivers cover 
frequency bands at 1.4 THz, 1.9 THz, 2.5 THz and 4.7 THz 
[2], [3]. The receiver is operated as PI instrument by a 
consortium of German institutes [4]. At these frequencies the 
underlying technology for mixers and local oscillators is 
challenging, and as a consequence up to now has prohibited 
the use of heterodyne THz focal plane arrays (FPAs) with 
more than a few pixels. The upGREAT focal plane array will 
ultimately provide 14 pixels covering 1.9 – 2.5 THz (LFA) 
and 7 pixels at 4.7 THz (HFA) in order to significantly 
improve the instrument’s observing efficiency. The LFA is on 
schedule for commissioning flights in May 2015. 

The LFA receiver will be tested at the MPIfR in Bonn with 
the hot electron bolometer (HEB) waveguide mixers discussed 
in this contribution. The receiver testing will be presented in a 
second contribution to this conference [5]. 

For the upGREAT LFA mixer series production we have 
greatly profited from our experience made in the past, which 
culminated in the first 4.7 THz waveguide circuit HEB mixer 
that was operated with GREAT H channel commission in May 
2014 [6]. However, mixers for Focal Plane Arrays (FPAs) 
have the additional constraint that they have to be reasonably 
uniform in performance, which is a challenge for the total 
chain of mixer production, from fabrication of devices and 
waveguide blocks towards the assembly and test procedures. 

Especially for THz frequencies the available local oscillator 
power per FPA mixer is limited, and sets an upper limit to the 
size of the microbridge. 

 We will report in this contribution about the successful 
development of 14 very similar mixers around 1.9 THz for use 
in the upGREAT focal plane array receiver. 

II. MIXER DESCRIPTION

The upGREAT LFA mixers have a layout that is very 
similar to that of the mixer described in [6], using a metal 
machined waveguide structure in a backshort-type CuTe block 
and a feedhorn assembly which clamps on top of the HEB 
mixer chip that is contacted by beam leads. 

A. Device Development 
Different from our previously reported HEB devices the 

LFA devices were optimized for lower local-oscillator power 
requirement by reducing the volume of the HEB microbridge. 
To achieve this the layer thickness of the NbN HEB device 
layer was reduced from about 5.5 nm to 3.5 nm (extrapolated 
from the sputtering duration and profilometer measurements 
of 40 nm thick films). In addition the bridge length was 
shorted from 300 nm to 200 nm and the device’s normal 
resistance was increased from 80 Ohm to 120 Ohm, resulting 
to a nominal microbridge width of 3250 nm. 

A careful optimization of the NbN layer resulted in a 
average Tc, after device fabrication, of 9K which is only about 
0.5 K lower than the Tc of the thicker devices used in [6]. 

The uniformity of the device fabrication remains excellent 
despite the shortening of the bridge length by 50%, as is 
shown in Fig. 1, where the DC IV curves, and the resistance 
versus temperature measurements of the 14 devices are shown. 

B.  RF 
The finalized devices have a 2 µm Si membrane substrate 

and make use of a standard single side waveguide probe 
connected to a CPW transmission line. The RF planar circuit 
is similar to the one published in [3] The HEB is defined along 
the length of the CPW line, which is terminated by a RF 
blocking filter. This design is flexible if the dimensions of the 
HEB have to be adapted, last minute, to the actual HEB NbN 
layer parameters. It allows for HEBs of a width up to 10 µm, 

M2-326TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



with a good match to the waveguide. The matching is easily 
tuned by adapting the CPW line length between the bridge and 
the blocking filter. This is especially important because the 
thinner HEB device layers have a 1.5 – 2x higher sheet 
resistance Rs. As all the layers of the RF planar circuit are 
completely e-beam written a simple position shift is 
straightforward to implement into a new fabrication run. 

Fig.  1 Measured DC IV (panes a. and c.) and RF (panes b. and d.) 
characteristics of the HEB devices selected for the upGREAT LFA mixers. 

We use a higher resistance HEB of 120 Ohm to keep the 
lateral dimensions, and thus the volume of the device in check. 
A higher volume increases the HEBs LO power consumption, 
and this is not desirable especially for FPA mixers. 

The waveguide mixer blocks are made in the in our in-
house workshop, by an optimized sequence of stamping and 
milling, within the tolerances that are determined by 3D EM 
simulation in CST Microwave Studio. 

The waveguide spline profile horns are fabricated by 
electroforming and are obtained commercially from RPG [7]. 

C. Assembly 
Similar to the mixers reported in [8] we make extensive use 

of beamleads to contact the device, to register the device onto 
the waveguide block and to form a contact layer between the 
mixer block and the horn. In Fig. 2 a photograph is shown of a 
device mounted on the waveguide mixer block. Micrometer 
precise, reproducible assembly of 14 mixers, within the 
tolerances obtained from EM –simulation, is only possible 
because we use a hexapod nano manipulator, enhanced by in 
house developed tools and procedures to prevent mechanical 
or ESD damage. 

III. MEASUREMENTS

We have currently measured the noise temperature and the 
IF bandwidth of 12 mixers. From our experience with the RF 
tested mixers the implied risk for bad mixers is low. All 
measurements are done at a local oscillator (LO) frequency of 
1.89 THz using a solid-state multiplier chain from VDI. LO 
and calibration signal from a standard hot (300K) /cold (77K) 
load are combined by a wire-grid beam-splitter. The 

measurement set-up outside the liquid helium dewar that 
contains the HEB mixer and a CITLF4 0.5-5 GHz SiGe LNA 
[9] is non-evacuated. 

Fig.  2 Microscope photograph of a LFA HEB device mounted the its 
waveguide block. The use of difference interference contrast shows subtle 
height differences and explains the false colour of the gold layers. 

The noise temperature is measured using the LO power 
sweep method [10], to prevent that direct detection of the 
calibration load power by the HEB influences the heterodyne 
calibration. In this measurement the IF output power is 
measured in a 1-2 GHz IF bandwidth. The IF bandwidth of the 
HEB mixer is measured using a 1.5 GHz wide DFTS 
spectrometer and room temperature IF processing that maps 
the successive parts of the IF band onto this spectrometer 
band. 

The measured noise temperatures, corrected for the full 
beam splitter transmission of the test set-up, and the IF 
bandwidth measured at the same bias conditions are 
summarized in Table 1. For a better comparison of mixer 
uniformity we corrected for the wire-grid beam-splitter 
coupling. Also added in Table 1 is the relative LO power 
consumption per sub-array, This power is measured by 
replacing the beam splitter by a plane mirror, and then 
attenuating the LO power with a additional rotatable wire grid 
until the optimum pump level is observed in the HEB IV-
curve. The incident LO power is calculated from the rotation 
angle of the grid, and is normalized that of the mixer with 
highest LO power consumption in each sub-array. 

IV. CONCLUSIONS

 We conclude that the delivered mixers achieve sufficient 
uniformity in noise temperature. All noise temperatures are 
similar to the present single pixel NbTiN microbridge L2 
mixer operated in GREAT with the additional benefit of an 
increased IF noise bandwidth from 2.3 GHz to > 3.5 GHz due 
to the NbN material. The IF bandwidth varies more than we 
would have expected based the uniform DC device 
characteristics. This needs to be studied further. The relative 
LO power consumption is the less uniform parameter of the 
mixer. Receiver tests will have to show what the most 
effective approach for LO power balancing of the mixers is. 
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TABLE I 
MEASURED MIXER DATA  

Mixer 
Nr 

Measured Performance Results 
Trec [K] -3dB IF Noise 

Bandwidth [GHz] 
Relative LO 
power 
consumption 

1.1 676 3.3 1.0 
1.2 706 tbd 0.8 
1.3 687 3.6 0.6 
1.4 712 3.5 0.7 
1.5 690 3.9 0.8 
1.6 690 3.7 0.8 
1.7 670 4.0 0.6 

2.1 580 3.5 1.0 
2.2 690 3.7 0.7 
2.3 775 3.6 0.8 
2.4 771 3.4 0.9 
2.5 780 4.0 0.9 
2.6 tbd tbd tbd 
2.7 tbd tbd tbd 

We have shown that it with a reasonable investment of 
resources it is possible to fabricate and test a sufficient number 
of waveguide mixers to fill a moderate size THz focal plane 
array to acquire at least a 10 times higher observing efficiency. 
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Abstract— We report on realization of a 2 × 2 NbN hot electron 

bolometer (HEB) array receiver using multiple local oscillator 

(LO) beams that are obtained from a Fourier phase grating 

mirror. The grating splits a 1.4 THz single beam into four 

uniform sub-beams. Two 50mm lenses are applied to collimate 

each beam in order to achieve a spacing of 12mm between them. 

The LO power in each beam is shown to be enough to fully 

pump the HEB mixer elements. The IV curves, noise 

temperature and IF bandwidth for each pixel is then 

characterized. 

I. INTRODUCTION 

For heterodyne radio astronomy receivers above 1 THz, 

the superconducting NbN HEB is the most suitable mixing 

detector due to its operating frequency range, near quantum 

noise limit performance, low local oscillator (LO) power 

consumption, and no needs for an external magnetic field. 

They have been used in several astronomic telescopes
1,2,3 

for 

mapping fine structure lines. One of the structure lines is the 

ionized nitrogen line [NII] at 1.4 THz.  

The mapping process, however, is inefficient for a single 

pixel receiver. Thus, an HEB array receiver is preferred to 

improve the mapping speed while retaining excellent 

performance. A number of studies
4,5 

have demonstrated HEB 

arrays and characterized their performance. Despite the 

difference in array structure, all of these arrays use a 

divergent LO beam to pump the HEB mixers. A large 

percentage of LO power will be wasted in this way. In 

addition, each pixel may suffer from a non-uniform 

distribution of the LO power.  

Based on the Fourier series expansion theory, a grating 

mirror that can transform a single 1.4 THz LO beam with an 

incident angle of 25 deg into a 2 × 2 pattern of four LO 

beams is designed
6
. We applied two identical lenses to 

achieve collimated far field beams at a spacing of 12mm 

between each beam, which is consistent with the HEB 

elements in our array mixer block (Fig 1b). Each pixel is 

then biased independently and has its own IF chain. The IV 

curve, LO power budget, noise temperature and IF 

bandwidth are determined for each pixel. Since only two 

ports are available in our measurement cryostat at the 

moment, we characterize our array in pairs of pixels, 

keeping one pixel as the reference and measure other three. 

II. MEASUREMENT SCHEME 

The HEB mixer array block and measurement setup for 

our array receiver are shown in Fig 1. 

 

 

Fig 1. a) Optical part of the measurement setup. b) Layout of the block of 

four HEB mixers. 

 
Our 1.4 THz LO is originated by an Far-Infrared gas laser 

with approximately 1mW emitted power. The LO power is 

stabilized using a voice coil based on optical attenuator that 

uses the HEB bias current to remove amplitude fluctuations 

in the laser
7
. A variable aperture stop is used to control the 

beam size in order to avoid overlapping between each beam. 
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It also helps to achieve a Gaussian beam by blocking the 

ring around the main beam. The grating mirror is placed at 

the focal point of two 50mm High Density Polyethylene 

(HDPE) lenses to achieve a desired peak-to-peak spacing 

between beams, and to collimate each beam. 

Finally, the 4 beams are reflected from a 6 μm thick beam 

splitter so that they can be combined with a hot/cold load for 

characterization of the mixer sensitivity. The IF circuit of 

each pixel, LO budget calculation, noise temperature and IF 

bandwidth measurement techniques can be found 

elsewhere
8,9

.  

III. RESULTS 

A. 2 × 2 LO Beam Patterns 

Fig 2 shows the beam pattern along the optical path (see 

Fig 1a). The beam patterns after lens2 indicate four, nearly 

collimated Gaussian beams. The peak to peak spacing is 

around 12mm, while the diameter of each beam is about 

7mm. This pattern is perfectly matched to our array block in 

Fig 1b). 

 

 

 

Fig 2. LO beam patterns along the optical path 

B. IV Curves of Two Pixels Array 

For the first time, we tried to pump a 1 x 2 mixer array 

due to the limitation of our cryostat window. Fig 1 b) is the 

layout of our array and each element is a twin slot antenna 

coupled NbN HEB mixer with the same HEB dimensions, 

as shown in the Table 1. 

TABLE 1 

DIMENSIONS  OF THE HEB MIXERS AND THE TWIN SLOT ANTENNA 

HEB mixer 

l (um) w(um) t (nm) R (Ohm) Tc (K) 

0.19 1.5 7 130 9.45 

Twin slot antenna 

L (um) W (um) S (um) Frequency (THz) 

61 5 35 1.4 

Note: l and w are the length and width of the bolometer, t is the NbN 

thickness, R is the resistance in room temperature and Tc is the critical 

temperature. L, W and S are the length, width and separation of the twin 
slots. Frequency is the designed operational frequency for the twin slot 

antenna.  

 
The IV curves of the pumped HEB mixer array are 

plotted in the Fig 3. We move the cryostat 12mm vertically 

and two mixers array is again fully pumped by the other two 

beams. This indicates that if we have four pixels, all of them 

would be fully pumped.  

 

 

Fig 3. IV curves two HEB mixers: un-pumped and pumped state. The top 
two IV curves are pumped by the top two LO beams, while the bottom two 

are pumped by the bottom two LO beams.  

C. Bias Currents of Two Pixels 

The two bias currents of the HEB mixer array are 

measured simultaneously under fully pumped and optimal 

pumped (0.8mV, 0.028mA) situation without any 

stabilization, as shown in the Fig 4. The current scale is set 

to be the same in order to compare the fluctuations in 

currents under two pumping cases.  

The Pearson product-moment correlation coefficient is 

defined as the measurement of linear dependence of two 

variables. The correlation coefficient between currents of 

two pixels in fully pumped case is 0.15, while the correlation 

coefficient in the optimally pumped case is 0.8, that 

indicates a very strong correlation between the two pixels' 

currents in this case. The very week correlation between the 

currents in fully pumped situation is because the two HEB 
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mixers are already saturated. So the fluctuation in LO power 

has no significant influence on the current stability. The 

strong correlation in optimal pumped situation is due to the 

fact that two LO beams are duplicated from the same LO 

beam. This also suggests that the instability in current of the 

HEB mixer is mainly caused by the fluctuation in LO power.  

 

 

Fig 4. Currents of two HEB mixers under fully pumped and optimal 

pumped situations.  

D. Expected Results 

This measurement is being expanded to characterize all 

four mixers. Data will be presented for noise temperature 

and IF bandwidth of the full array. Moreover, the possibility 

of using one voice coil to stabilize the bias current of four 

HEB mixers will be investigated.  

IV. CONCLUSIONS 

We succeed in applying a designed Fourier phase grating 

mirror in our HEB array receiver at 1.4 THz. We 

demonstrate that our phase mirror provides an efficient and 

highly uniform distribution of the LO power that was not 

previously possible with the flood illumination approach. A 

beam pattern well matched to our array is formed using 2 

lenses in combination with the Fourier phase grating. A 2 × 

2 array is then fully pumped for the first time. Based on the 

correlation of two pixels' currents, we prove that the 

fluctuation in LO power is the main contributor to the 

instability of the bias currents.   

Acknowledgement: We thank Chris Walker for many 

valuable discussions on the array.   
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Abstract— The NASA-DLR airborne observatory SOFIA is now 
performing routine observations, having the German PI 
instrument (GREAT) as one of its four main instruments. The 
instrument currently comprises a set of single pixel heterodyne 
receivers observing in selected frequency windows between 1.25 
and 4.7 THz. We are developing new instruments, the upGREAT 
receivers, which consist of mid-size heterodyne arrays based on 
superconducting waveguide HEB mixers. The Low Frequency 
Array (LFA) will cover the 1.9-2.5 THz range using dual 
polarization 7-pixel HEB arrays. The second receiver, the High 
Frequency Array (HFA), will observe the [OI] line at ~4.7 THz 
using a 7-pixel HEB array. We present the status of the LFA 
receiver, which is in the final stages of integration, testing and 
characterization. The installation and commissioning aboard 
SOFIA is planned for May 2015.  

I. INTRODUCTION 
Due to the high atmospheric losses, THz astronomy 

observations are not possible from ground-based telescopes, 
except in few remote locations at very high elevation and 
having extreme dry conditions such as the Andes or the South 
Pole. Even so, only few atmospheric windows are then 
accessible, 1.0-1.1 THz, 1.3-1.4 THz and 1.45-1.6 THz. To 
observe above 1.6 THz, to access for example the [CII], [OI] 
atomic transitions, which are major targets as coolant reservoir 
in the molecular clouds, other solutions are needed. Satellite 
missions allow an unobstructed view, free of any atmospheric 
absorption. Other alternatives are high-altitude balloons, and 
in our case, airborne observatories, such as the Stratospheric 
Observatory for Infrared Astronomy SOFIA ([1]). The main 
advantage of such an alternative as opposed to satellites is the 
flexibility in placing newer developed technologies with very 
short turn-around times. To increase the efficiency of large-
scale mapping observations with SOFIA, we are developing a 
new set of instruments, upGREAT. This instrument consists 
on two heterodyne arrays based on HEB mixers. The LFA 
receiver will cover the frequency range 1.9 to 2.5 THz, while 
the HFA receiver will observe at 4.7 THz. The main system 
characteristics are summarized in Table 1.  

 

TABLE I 
UPGREAT SPECIFICATIONS 

 Low Frequency Array 
(LFA) 

High Frequency Array 
(HFA) 

RF Bandwidth 1.9-2.5 THz (goal ) ~4.745 THz 
IF Bandwidth 0.2-4 GHz  0.2-4 GHz 

HEB 
technology 

Waveguide-based HEB 
NbN on Si membrane  

Waveguide-based HEB 
NbN on Si membrane  

LO technology Photonic mixers / solid-
state chains  

Quantum cascade lasers 
(QCL) 

LO coupling Beamsplitter (goal) or 
Diplexer (baseline) 

Beamsplitter 

Array layout 2x7 pixels dual 
polarization in 
hexagonal layout 

1x7 pixels  in hexagonal 
layout with a central 
pixel 

TREC Goal <2000K SSB   Goal <3000K SSB   
Backends 0-4 GHz with 32k 

channels 
0-4 GHz  with 32k 
channels 

 

II. DESCRIPTION OF THE LFA RECEIVER 

A. LO Sources 
For the commissioning flights, planned in May 2015, the 

chosen LO sources are solid state multiplying chains, built by 
VDI Inc. The frequency coverage for the chains are limited to 
1.88 to 1.92 THz, centred to cover the [CII] transition. Those 
LO chains produce about 20 µW of output power at ambient 
temperature. To increase the output power, the last two 
passive triplers are cooled down to 80K, which gives a factor 
2 improvement, hence reaching about 40 µW. The output LO 
beam is split into 7 equal beams by using a phase grating [3]. 
In order to successfully pump the two sub-arrays, two 
identical LO chains will be used, one per polarization.  

In parallel, the MPIfR is developing photonic mixers 
local oscillators to cover the full RF range, from 1.9 to 2.5 
THz. Pending the confirmation that they can provide sufficient 
LO power, they will be used with the LFA receiver in 
subsequent flight series.  
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B. HEB Mixers 

The superconducting detectors are Hot Electron 
Bolometers (HEB) developed by the KOSMA group [2], with 
state of the art performance, having 2-4 times the quantum 
noise limit. The uncorrected receiver noise temperatures for 
the LFA mixers, when measured in a test cryostat with 
optimized LO coupling is in the range 750-800 K minimum 
with an IF noise bandwidth of ~3-3.5GHz.  

C. IF signal processing 
The IF signal in the range from 0.2-4 GHz is then 

amplified by a set of cryogenic low noise amplifiers (SiGe 
LNAs from S. Weinreb, Caltech), which have a low thermal 
dissipation of about 10mW. 

 
Fig. 1 :  Pulse tube PTD-406C cold head. 2: Rotary valve. 3: 0.75m Flexible 
Helium line. 4: warm IF amplifiers. 5: Pre-amplifiers for biasing HEBs. 6: 
40K stage plate. 7: 4K stage plate. 8: HEB detectors. 9: Cryogenic SiGe 
amplifiers.10: cold optics. 11: RF windows. 12:  Vacuum Vessel upper part. 
13: Seal ring. 14: Vacuum Vessel lower part. 15: Fiber glass Supports 4K-
60K. 

The output signal is processed by room temperature 
components (amplifiers, filters, equalizers, variable 
attenuators) in a dedicated IF processor. Finally, the signal is 
fed into an MPI-built Fast Fourier Transform Spectrometer 
(FFTS) sampling directly the 0-4 GHz range, with 32K 
channels obtaining an effective resolution of 144 kHz.   

D. Cryostat and closed-cycle cooler 
The cryostat construction is described in Fig. 1. The 

receiver is cooled by a closed-cycle Pulse Tube refrigerator 
(PT), which can operate up to large tilt angles (45) with 
only small cooling performance degradation. The PT 
refrigerator is the model PTD-406C from transMIT company. 
It provides about 0.8W cooling power at 4.2K. The cryostat 
was jointly designed and manufactured with CryoVac.  

 
 

III. INTEGRATION AND PRELIMINARY RESULTS 
The LFA receiver is currently undergoing the final 

integrations, and is being fully characterized. The first 7 
mixers were integrated in December 2014 (Fig. 2) and the full 
14 pixels were integrated in January 2015.  

The cryostat and cooling system were verified in the past 
months. The measured physical temperature for our detectors 
is in the range 4.0-4.5K, ideally suitable for the chosen 
detectors based on NbN films, which have a critical 
temperature of 9.5-9.8 K. Measured temperature fluctuations 
on the HEB mixer blocks are lower than 1mK.  

Preliminary testing confirmed that the optical design of 
the receiver was as expected. The LO phase grating was also 
verified to produce equal 7 beams at 1.96 THz.  Several 
scheme for the LO coupling are being tested, using beam 
splitter with a coupling of ~25-30%, which achieves 
uncorrected noise temperatures around 1000K DSB, and 
diplexer LO coupling, which is under testing and should 
achieve lower Trec (~700K) but in a narrower IF bandwidth 
(1.5-2.5 GHz).  

 
Fig. 2 Integration of the first 7 pixels of the LFA 

IV. CONCLUSIONS 
We are developing mid-size heterodyne arrays employing 
waveguide based superconducting HEB mixers for the SOFIA 
airborne observatory. With the successful development of 
many challenging components, as local oscillators at THz, 
waveguide-based superconducting detectors, or high 
resolution spectrometers, we are achieving state of the art 
performance. The first cryostat (LFA), containing the dual 
polarization 7-pixel arrays for 1.9-2.5 THz will be 
commissioned in spring 2015. 
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Abstract— The IRAM Plateau de Bure Interferometer (PdBI) is 

being upgraded to a new powerful millimeter-wave radio 

astronomy facility called the NOrthern Extended Millimeter 

Array (NOEMA) which will double the number of 15-m diameter 

antennas from six to 12. All antennas will be equipped with a new 

generation of dual-polarization Front-End based on quadri-band 

Sideband Separating (2SB) Superconductor-Insulator-

Superconductor (SIS) mixers delivering four ~7.6 GHz wide 

Intermediate Frequency (IF) outputs per band, thus enabling to 

increase the total IF processed bandwidth of the interferometer 

from 8 GHz to ~31 GHz.   

The NOEMA Antenna 7 has recently been completed and the 

first NOEMA receiver has been successfully developed and 

installed in it. For the coming years, our goal is to upgrade all the 

Front-Ends currently installed on the six existing PdBI antennas 

to the new NOEMA standard and to build four additional ones 

(three plus one spare) for the new NOEMA antennas. 

In this paper, we describe the design, fabrication and assembly of 

the Front-End we have developed for NOEMA Antenna 7. Such 

Front-End has state-of-the-art performance and sets a new 

standard in the post-ALMA generation technology. 

I. INTRODUCTION 

The NOEMA Front-End specification required re-

designing the existing PdBI Front-Ends, which have been in 

continuous operation since their installation in 2006. In 

particular, the backshort tuned Single Side Band (SSB) SIS 

mixers delivering 4 GHz IF bandwidth per polarization 

channel, currently adopted for PdBI Bands 1, 2, and 3, are 

upgraded to the NOEMA 2SB mixer configuration providing 

two ~7.6 GHz wide IF bands (LSB and USB) per polarization 

channel. This will increase the total IF band delivered to the 

correlator from 2 x 4 GHz (8 GHz) to 4 x ~7.6 GHz 

(~31 GHz). Also, the four RF bands of the NOEMA receivers 

will be larger than the ones of the current receiver generation. 

In particular, the Band 1 lower frequency edge is extended to 

72 GHz, thus allowing covering important molecular lines not 

yet accessible to ALMA.  Table 1 provides the main 

specifications for the different bands of the PdBI and of the 

NOEMA Front-Ends.  

II. NOEMA FRONT-END: SYSTEM OVERVIEW 

The NOEMA Front-End system design and architecture 

were described in a previous work [1]. The instrument features 

many novelties and improvements, the most important ones 

being the following: an improved thermalization of the 

cryogenic stages leading to quicker warm-up/cooling down 

cycles, improved optics, new mixers, new IF sections at 

cryogenic and room temperatures, new optical-fiber laser rack 

for the IF signals, new local oscillator systems, improved 

calibration loads, new control electronics. Here, we report on 

the development of the key components of such receiver.  

The cryogenic system adopted for the NOEMA Front-End 

is the same as the one currently adopted at PdBI, which is 

based on a closed-cycle cryocooler (Sumitomo model 

SRDK3ST) with three cryogenic stages at 80 K, 15 K and 4 K. 

The NOEMA cryostat vacuum enclosure and inner IR screens 

at 80 K and 15 K have the same size as those of the PdBI 

receiver.  

The electronically tuned local oscillator system employed 

to pump the SIS mixers is described in a separate article [2], 

presented at this symposium, and will not be discussed here.  

It was decided to keep the Band 4 receiver module 

currently used in the PdBI cryostat, which delivers 4 GHz IF 

band per polarization channel. This is based on an ALMA 

Band 7 2SB SIS mixer with one IF sideband internally 

terminated into a matched load. It is foreseen to upgrade the 

Band 4 receiver in the near future. 

 
 

 
Tab 1 Bands definition and SIS mixer technologies of the current PdBI 

receivers and of the NOEMA receivers under development. 

A. Optics 

1) Vacuum windows and IR filters: The RF signals of the four 

bands enter the Front-End through four independent HDPE 

vacuum windows and PTFE Infrared filters of improved 

design (Fig. 1). A broadband matching layer with low 

reflection coefficient is obtained for all bands with triangular 

grooves machined into each dielectric surface with angle 

α=20
0
 and appropriate pitch (P) and height (H) that avoid the 

appearance of spurious modes. Corrugations on one face are 

M3-2



                                               26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 

 
perpendicular to those on the other face to avoid artificial 

birefringence. 

 

       
Fig. 1 Left: HDPE vacuum window showing the triangular grooves on one of 
the surfaces. Right: Geometry of the corrugations.  

 

2) Cryogenic optics modules: Improved cryogenic optics 

modules were designed, fabricated and tested for Bands 1, 2 

and 3 (Fig. 2, top panel) in order to cover the large NOEMA 

RF bandwidths. All modules share the same design 

philosophy, similar to that adopted in the existing PdBI 

receivers, where two ellipsoidal mirrors thermalized at 15 K 

re-image the antenna sub-reflector into the apertures of the 

two independent single-polarization feed-horns. The modules 

are more lightweight and compact than the previous ones. A 

polarization splitting wire-grid and the feed-horns, attached to 

the main frame of the module, are maintained at 4 K. 

Fiberglass tabs are used to thermally split the 15 K and the 4 K 

stages. The optics modules were tested at room temperature 

using the IRAM mm-wave antenna range as well as at their 

operating temperature inside the fully assembled receiver. 

They proved to work well, according to the prescribed 

specifications. The co- and cross-pol beam-patterns of each 

polarization channel were measured near the central RF 

frequency and at the band edges. Co-polar beam-patterns of 

the modules measured at room temperature are shown on Fig. 

2, bottom panel. The sidelobe and the cross-polarization levels 

are less than -20 dB for all bands. 

 
Fig. 2 Cryogenic optics modules for NOEMA Bands 1, 2 and 3 (top panels) 

and Pol V copolar beam patterns measured with the antenna range near the 

central frequency of the respective RF ranges (bottom panels).  

B. Sideband Separating SIS Mixers 

Fully integrated sideband separating SIS mixers have been 

developed for NOEMA Band 1 and 2. These mixers employ a 

completely planar IF coupler chip based on Nb striplines, 

which made it possible to integrate all components of the 2SB 

mixer, i.e. RF coupler, LO splitter, LO couplers, DSB mixers 

and IF coupler, into one E-plane splitblock as shown in Fig. 3. 

Band 3 will be equipped with a 2SB mixer previously 

developed within the European project AMSTAR+ [3, 4]. 

All mixers have very broadband RF and IF performance 

achieving ultra-low noise and a flat response across the 

~8 GHz wide IF band. A detailed description of the NOEMA 

mixers can be found in [5].   

 

  
Fig. 3 Sideband separating SIS mixers for NOEMA Band 1, 2 and 3. 

 

 
 

Fig. 4. Sideband Separating Mixer developed for NOEMA Band 3 (200-

276 GHz) showing details of one of the two DSB mixer chips of the 2SB 
assembly with miniature magnets to suppress the Josephson effect.      

C. Local oscillator injection scheme 

A waveguide Local Oscillator injection scheme is used for the 

four independent RF modules. Waveguide splitters divide 

equally the LO power coming from the LO modules placed 

outside the dewar and distribute it to the two orthogonal 

polarization channels. 

D. IF section 

The NOEMA receiver outputs are four ~7.6 GHz wide IF 

signals, Pol H-LSB, Pol H-USB, Pol V-LSB, Pol V-USB. The 

NOEMA IF, 3.872-11.616 GHz, is a non-standard band and 

required a specific development of cryogenic LNAs and 

isolators (16 of each required to equip four bands of each 

Front-End). The isolators operate at 4 K, while the LNAs 

operate at 15 K. The development and production of the LNAs 

was subcontracted to CAY&TTI and that of the isolators to 

Quinstar/Pamtech.  

A new room temperature IF module, connected to the 

NOEMA cryostat backplate, has been developed (Fig. 5). Four 

of such modules are used for each cryostat. Each module 
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selects one of the four possible IFs from each of the four RF 

bands. Cascaded with the IF switch are amplifiers, filters and 

step attenuators that deliver a final IF signal in a suitable 

power range.  

     
Fig. 5 Warm IF amplification module with integrated switch and digital 
attenuator. 

E. Laser rack 

A new laser rack was developed to convert the 4x~3.8-

11.6 GHz IF signals from the four warm IF modules of each 

Front-End to optical. The signals are transported through 

optical fibers to the correlator. The fiber optic links are made 

by Miteq. Two transfer switches (or polar switches) located 

inside the laser rack allow changing the polarization states by 

reversing the signals of Pol H and Pol V. A view of the laser 

rack is shown in Fig. 6. 

 
Fig. 6  NOEMA laser emitter rack. 

F. EtherCAT receiver control electronics 

New bias modules for the LNAs and SIS mixers, controlled by 

EtherCat, are under development. They will replace the old 

control electronics based on I
2
C and CAN. One Front-End will 

use two bias modules to control the 16 LNAs and one single 

SIS junction bias module for the 8x2SB mixers (16 SIS 

junction chips). The warm IF and laser rack modules as well 

as a new cryogenic temperature monitoring system are also 

controlled by EtherCAT modules. Fig. 7 shows two of the 

modules under development. The NOEMA Front-End for Ant. 

7 employs current PdBI receiver control electronics which has 

been adapted to the new system. 

G. Calibration 

For each of the four bands, the dual-polarization receiver 

beams can be coupled to either an ambient temperature load or 

a cold load thermalized inside the cryostat at 15 K. The cold 

load is coupled through wideband low-loss HDPE window  

  
Fig. 7 Ethercat modules for left: biasing the NOEMA SIS junctions and right: 

controlling the warm IF chain and laser rack emitter. 

 

and IR PTFE filter by pairs of mirrors located on a carousel. 

Two carousels are employed, one for the Band 1&2 beams, 

the other to the Band 3&4 beams. The two ambient 

temperature loads are also located on the two carousels. 

An improved wideband cryogenic calibration load based on 

pyramidal shaped sections on Eccosorb MF-114 material from 

Emerson&Cuming was successfully developed.  

H. Fully assembled NOEMA Front-End 

A photo of the inner cryogenic parts of the fully assembled 

NOEMA Front-End is shown in Fig. 8. Such Front-End was 

installed on NOEMA Ant. 7 in December 2014 (see Fig. 9).  

  

 
Fig. 8 View of the cold sections of the NOEMA Front-End.  

III. CONCLUSION 

We have described the main features of the mm-wave 

Front-End developed at IRAM for the NOEMA project. The 

heterodyne Front-End is based on quadri-band SIS sideband 

separating mixers and IF sections delivering four ~7.6 GHz 

wide IF outputs. The instrument features many novelties 

compared to the current PdBI Front-End generation. Test 

results of the NOEMA receivers demonstrate state-of-the-art 

performance and will be reported at the symposium.    
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Fig. 9 View of the NOEMA Front-End installed on the Antenna 7 receiver  

cabin.  
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Abstract— Efficiently mapping large areas of the sky with high 

spectral resolution at mm and sub-mm wavelengths will require a 

new generation of heterodyne focal-plane array receivers. The 

number of pixels in such arrays has not increased particularly 

rapidly in the last two decades, with maximum achieved pixel 

numbers between 16 and 64 (e.g. [1] and [2]). Thus new 

approaches are needed to address such problems as local 

oscillator (LO) injection, feed horn fabrication and SIS mixer 

design, fabrication and repeatability. 

 Here we describe a prototype focal-plane array unit based on 

unilateral finline SIS mixers, fed with smooth-walled feed horns. 

LO injection power diplexing is achieved by a combination of 

directly machined waveguide Y-power splitters and bow-tie cross 

waveguide couplers. The 1×4 prototype array, currently under 

construction, will demonstrate several technologies relevant to 

the construction of large format arrays. 

 

I. INTRODUCTION 

 

 The physical and chemical conditions within star-forming 

regions can be determined astronomically by observing 

submillimetre-wave spectral lines. Important transitions 

include the J→J+1 lines of CO (and isotopomers), HCN, 

HCO+ and the redshifted fine-structure lines of [CII] and 

[NII]. Making deep maps of these spectral lines in spatially 

extended (~1<<~100 arcmin) regions within our own Galaxy 

using interferometers, such as ALMA, is difficult due to their 

inherently small field of view. Since SIS mixer based 

heterodyne detectors between 100 GHz and 1 THz are now 

approaching sensitivities of only a few times the quantum 

limit, the only remaining way to greatly increase mapping 

speeds is to integrate more detectors into the focal-planes of 

large single dish telescopes. 

  At millimetre and submillimetre wavelengths, we can now 

build bolometric focal plane array cameras with many 

thousands of elements [3]. However, if we require medium to 

high spectral resolution to study the intensities and kinematics 

of spectral lines, heterodyne detectors based on SIS mixers 

coupled with digital spectrometers remain the technology of 

choice. Unfortunately, integrating more than a few tens of 

detectors into focal-plane array receivers has remained 

challenging. There are several main technical reasons for this: 

 

(i) Large numbers of high quality feed horns 

(traditionally electroformed corrugated horns) 

are expensive and time-consuming to construct 

in quantities of more than a few tens of horns. 

 

(ii) As well as efficiently coupling the sky signal 

into each SIS mixer, we must also divide an LO 

signal and couple it to each mixer in the array. 

 

(iii)  For quasiparticle SIS mixers, we must apply a 

magnetic field of an appropriate strength to each 

tunnel junction to suppress the unwanted 

Josephson tunnelling of Cooper pairs. 

 

(iv)  We must arrange for the independent DC 

biasing of each mixer chip.   

 

(v) For each mixer, we must amplify the down-

converted IF signal with a state-of-the-art low 

noise cryogenic amplifier, and ensure that the IF 

signal is well matched to the input of impedance 

of this amplifier. 

 

Each of these complications, combined with factors such as 

the costs of large cryostats and high throughput digital 

spectrometers, have acted to limit the number of SIS mixer 

based pixels in focal plane array receivers. The astronomical 

motivations for building large format heterodyne focal plane 

arrays have been clear since the mid-1990s [4], but relatively 

few complete receivers have been developed, with pixel 

counts of ~16 achieved in the early 2000s (e.g. [1]) with a 

small number of receivers with pixel counts of between 16 and 

64 currently in development or recently completed [2][5]. 

There is therefore a clear need for technological development 

in this area. In this paper we will describe a heterodyne array 

receiver prototype for use at frequencies between 200 and 280 

GHz, which will act as a demonstrator for several technologies 

which can, in principle, be scaled up to receivers containing 

between 100 to 1000 elements 

II. FOCAL PLANE ARRAY CONCEPT 

 

A diagram of the 3D solid model for our heterodyne array 

prototype is shown in Fig. 1. Our initial proof-of-concept array 

will consist of only four SIS mixers, limited by our test 

cryostat size, but we hope to demonstrate several technologies 
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which can be scaled up to much larger arrays. In a final 

instrument, the linear 1×N array blocks like the one described 

below will be stacked to give a rectangular N×N focal plane 

array. 

The sky signal will be fed into the mixer block in Fig. 1. via 

a single block of drilled, smooth-walled horns described in 

Section III below. Each horn will couple radiation into each of 

the four input waveguides of the mixer block (Fig. 1, (d)). The 

sky signals are then coupled onto the SIS mixer chips which 

will initially be fabricated on a quartz substrate, with a view to 

incorporating Silicon-On-Insulator (SOI) substrate mixers in 

the near future. The design of these SIS mixer chips are 

described in more detail in Section IV below. Bond wires then 

couple the IF signal onto an IF matching board, which is 

positioned in an IF board pocket (Fig. 1, (n) and (o)) 

fabricated at right angles to the plane of the mixer chip. This 

geometry allows the LO signal to be coupled to each mixer 

chip using a waveguide based diplexer (Fig. 1, (e) and (i)) 

which occupies a single plane within the split block structure. 

The LO signal is introduced into a waveguide which feeds 

into the side of the mixer block (Fig. 1, (a)). It is then split into 

four using three -3dB E-plane waveguide splitters (Fig. 1, (e) 

and (i)). The LO signals are then coupled into each waveguide 

feeding each mixer chip by -17dB coupling structures each 

consisting of three bow-tie antennas positioned in cross-

waveguide slots (Fig. 1, (h) and (l)).  The components of the 

LO coupling structure are described in more detail in Section 

V below. 

The IF signals are coupled out of the mixer block by SMA 

connectors soldered to IF matching boards (Fig. 1, (o) and 

(p)). In the prototype, a commercial bias-T will be connected 

to each IF output to transmit the IF signal and allow DC 

biasing of the mixer chip. A magnetic field is applied to each  

mixer using a traditional superconducting magnetic coil, 

which uses a magnetic circuit consisting of soft iron pole 

pieces (Fig. 1, (c)) and end shoes (Fig. 1, (g) and (k)) to 

concentrate the magnetic field near the SIS junction. This 

enables a sufficiently strong field to be generated without the 

need for large coil currents which can cause problems with 

local heating in the non-superconducting wiring connected to 

the superconducting winding of the coil. This magnetic circuit 

should also enable the relatively straightforward investigation 

of the suitability of the use of permanent magnets [6] to 

suppress Josephson tunnelling using small modifications to the 

current prototype.  

 

III. SMOOTH WALLED FEED HORNS 

 

Corrugated horns, usually manufactured by electroforming, 

are most often used as feeds for mm and sub-mm instruments. 

However such horns are expensive and time consuming to 

produce and this becomes a significant problem as the number 

of feed horns required in the focal plane increases above a few 

tens of horns. For our prototype, we will use multiple flare 

angle smooth-walled feed horns directly machined into a 

single block of aluminium with a shaped machine tool (Fig.2). 

 

 

 

Fig.1 (A) Solid model of the assembled mixer block. (B,C) Detail of the lower 

half of the mixer block, showing the waveguides and slots for the SIS mixers 
and the LO injection structure. (D) The rear of the mixer block showing the IF 

board pockets machined at a right angles to the plane of split in the split block. 
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In previously reported work [7], we have described the 

design process for these horns, which use a genetic algorithm 

(GA) and modal matching to optimise the positions of several 

flare angle discontinuities to give a far-field pattern with high 

beam circularity and low cross-polarisation. The relatively 

simple interior profile of these horns means that large arrays 

of these horns can be manufactured rapidly and cheaply by 

using a shaped machine tool to repeatedly drill into a single 

block of aluminium. Using this technique, we have 

successfully manufactured and experimentally tested 

individual horns at 230 GHz and 700 GHz, as well as a 37 

horn array prototype [8]. For our prototype we will use a 1×4 

horn array drilled into a single block, with a separate block 

consisting of directly machined rectangular-to-circular 

waveguide transitions. Such horn arrays will enable much 

larger format horn arrays to be fabricated at a small fraction 

(~10%) of the cost and time required to manufacture 

electroformed corrugated horns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 (Upper) Shaped machine tool used for direct “drilling” of feed horns. 

(Middle) A 1×7 array of smooth walled feeds drilled into a single aluminium 
block. (Lower) Calculated beam patterns for a 2-Section smooth walled horn 

at 230 GHz with 33% fractional bandwidth. 

 

IV. UNILATERAL FINLINE SIS MIXERS 

 

 At Oxford, we have an extensive development programme of 

finline-based SIS mixers for 230 GHz, 680 GHz and into the 

THz regime. Our research focus for our low frequency (230 

GHz) SIS mixers has been extending the available IF 

bandwidth of the SIS mixers [9]. Our SIS mixers (Fig. 3) 

couple radiation from the waveguide using a unilateral finline 

structure. This is followed by a novel slotline-to-microstrip 

transition which couples the radiation to a microstrip. A wide 

RF bandwidth tuning circuit tunes out the parasitic 

capacitance of the SIS junction. This comprises of a 3-stage 

Chebychev transformer, a double-stub inductive tuner before 

and after the SIS junction and an RF choke. The RF choke 

prevents leakage of the RF signal into the IF passband, and the 

entire tuning structure has been carefully optimised using 

HFSS modelling to minimise the capacitance at IF frequencies 

and thus maximise the useable IF bandwidth. We have tested 

mixers with state of the art  (Tsys < 60 K) performance using a 

10 GHz IF bandwidth, and our current design is expected to 

offer good performance over an IF band of 2 to 16 GHz. A 

batch of these mixer chips is currently being fabricated at 

LERMA, Paris Observatory. 

 

 

 

Fig. 3 The unilateral finline 230 GHz SIS mixer chip showing the unilateral 
finline and slotline-to-microstrip transition and tuning circuit to give wide RF 

and IF bandwidths. 

    

V. LOCAL OSCILLATOR INJECTION 

 

 The local oscillator signal will be injected into a rectangular 

waveguide at the side of the array block, and then split using a 

tree of directly machined E-plane Y-shaped power splitters. 

The design of these splitters in illustrated in Fig. 4 and the 

simulated HFSS performance is shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Design of -3dB E-plane power splitters. 

After the LO power is divided equally into 4 parts, cross-guide 

waveguide couplers are used to couple 2% of the divided LO 

power into the waveguide in front of the SIS mixer chip.  

These waveguide cross couplers consist of three bow-tie 

antennas fabricated on quartz substrates, arranged as shown in 

Fig 6. The unused LO power is absorbed at the end of the 

waveguide by a tapered piece of machined Eccosorb. The 
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HFSS simulated performance of these couplers, and 

experimental measurements, are shown in Fig. 7. We have 

previously successfully fabricated and used these cross-guide 

couplers in single mixer blocks [10] and they have been 

shown to function well, although with a ~3 to 5 dB higher 

coupling than the HFSS simulations. We are currently 

investigating the possible causes of this higher coupling. 

 

 
 

Fig. 5 Simulated performance of the -3dB E-plane power splitters, showing 

very even power -3 dB power splitting (blue and brown lines) and low return 

loss (red line) over the 200 to 280 GHz bandwidth. 

VI. CONCLUSIONS AND FUTURE WORK 

 

 The prototype mixer block and feed horn array is currently 

being fabricated at Dept. of Physics, University of Oxford and 

the Rutherford Appleton Laboratory. A new batch of SIS 

mixers of the design described above are currently being 

fabricated at LERMA, Paris Observatory. We intend shortly to 

install the complete prototype in a test dewar and measure 

hot/cold noise temperatures within the next few months. In 

parallel with this work, a 200-280 GHz LO source based on a 

×12 multiplier chain is currently being developed by 

colleagues at the Rutherford Appleton Laboratory [11] to 

enable testing the complete LO injection unit. Future 

development in this area will include construction of a full 

8×8 array prototype and also array development at higher 

frequencies such as 680 GHz. 

 
Fig. 6 Photograph of the cross-guide LO coupler chips mounted between two 

waveguides in a mixer block. 

 

 

 Fig. 7 Simulated (green line) and measured (red error bars) performance of 
cross-guide LO injection couplers. 
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Abstract— This paper describes a 874-GHz Schottky receiver that 

uses high-efficiency amplifiers and varactor multipliers in the LO 

chain to achieve low DC power with uncompromised sensitivity 

in a compact configuration optimal for CubeSat platforms. The 

total required DC power for the LO, including the 24.278 GHz 

dielectric resonator oscillator (DRO), is less than 2W. Despite the 

low power dissipation, expected mixer noise temperature is 

3000K DSB at room temperature. 

I. INTRODUCTION 

One of the largest uncertainties in predicting climate change 

on Earth involves the characterization of ice clouds, due to 

their importance in radiative cloud feedback, precipitation and 

upper troposphere water cycling [1]. Submillimeter-wave 

radiometry is a technique that shows considerable promise for 

remote sensing and characterization of ice cloud properties in 

the upper troposphere. The CoSSIR instrument was the first 

flight of a 874-GHz radiometer and has demonstrated the 

ability of this technique for measuring ice cloud properties [2]. 

IceCube, funded by NASA’s Earth Science Technology  

Office (ESTO), is a 28-day low earth orbit CubeSat mission 

currently planned for launch in summer 2016. The primary 

objective of IceCube is to validate the technological readiness 

of an 874 GHz commercial receiver for use in future 

spaceflight missions. The secondary objective of this mission 

is to demonstrate ~0.1 K Noise Equivalent Temperature 

Difference (NETD) and 2 K maximum calibration error 

performance. If successful, it could be a precursor for a 

network of CubeSats to provide cost-effective and global 

mapping of ice clouds. In this paper, we describe the 874-GHz 

Mixer LO Assembly (MLA) designed to be flown on IceCube. 

The 874 GHz mixer and LO on CoSSIR was also provided 

by Virginia Diodes, Inc. (VDI) and consisted of a 36.417 GHz 

DRO followed by a high-power microwave amplifier, x12 

multiplier chain, and second-harmonic mixer. While a highly 

effective receiver for CoSSIR, the size and DC power 

requirements of this system (the 36-GHz power amplifier in 

particular) would be prohibitive for a CubeSat platform where 

available DC power is very limited. Other 874-GHz receivers 

previously reported include a fundamental Schottky mixer 

with less than 4000K DSB from 845 to 888 GHz at room 

temperature [3]. This system required a high-power LO chain 

driven by a separate commercial W-band source followed by a 

series of power-combined W-band power amplifiers. In this 

work, we utilize an efficient E-band MMIC amplifier followed 

by high-efficiency varactors specifically tuned for this band to 

provide a complete LO and mixer, including DRO, with total 

power dissipation under 2W and no sacrifice of mixer 

sensitivity. 

II. LO AND MIXER DESIGN 

The MLA is a 2
nd

 harmonic mixer assembly that down-

converts an 862-886 GHz passband to an Intermediate 

Frequency (IF) output spanning 6-12 GHz. The entire MLA, 

including DRO, is required to fit within a 9 cm x 9 cm x 3 cm 

volume. This prohibited the use of discrete components for 

each of the LO amplifiers, multipliers, and mixer. It was 

decided to separate the receiver into three modules (DRO, 

72.8 GHz active tripler, and 874 GHz mixer) with the modules 

custom configured for a compact configuration.  

 

Fig. 1  Block diagram of the 874-GHz IceCube MLA. The MLA is 

composed of three modules: the 24.278 GHz DRO, 72.8 GHz AMC 
(73AMC), and 874-GHz subharmonic mixer (WM250X6SHM). 
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The block diagram of the MLA is shown in Fig. 1. The 

model of the MLA on the IceCube science plate is shown in 

Fig. 2. The 24.278 GHz DRO is procured from Lucix 

Corporation and runs off a single +5V supply requiring only 

55mA bias current. The 73 GHz active tripler module 

(73AMC, photo shown in Fig. 3) contains a commercial 

MMIC amplifier at the DRO frequency followed by a WR-13 

tripler of VDI design followed by a MMIC E-band amplifier 

provided by BAE Systems. The 73AMC is powered from a 

single +5V supply requiring less than 300 mA bias current. 

The -15V input to the 73AMC acts as an enable for the power 

amplifier bias, ensuring that RF power is not applied to the 

subsequent varactor multipliers in the absence of varactor bias. 

The E-band MMIC amplifier in the 73AMC provides +20 

dBm output power at 0 dBm input. The varactor multiplier and 

mixer module (WM250X6SHM, photo shown in Fig. 4) 

contains a VDI-designed varactor doubler, varactor tripler, and 

second-harmonic mixer with a WM-250 (WR-1.0) interface to 

the horn antenna to be installed by NASA. The varactor 

multipliers were developed under a successful NASA Phase 2 

SBIR (“High Reliability Oscillators for Terahertz Systems”) 

and allow for 100 mW at 72.8 GHz to optimally pump a 874 

GHz second-harmonic Schottky mixer. The 146 GHz varactor 

doubler and 437 GHz varactor tripler have respective 

efficiencies of approximately 35% and 8%. The IF amplifiers 

and baseband processing are on a plate above the mixer and 

LO plate, not shown here. 

III. MEASUREMENTS AND RELIABILITY 

The WM250X6SHM module is currently in assembly and 

measurements of this module along with the entire MLA will 

be presented at the conference. The expected DSB noise 

temperature, based on previous VDI second-harmonic mixers 

in this frequency range, is approximately 3000K with 12 dB 

conversion loss. 

The MLA is required to survive over a -30C to +65C 

temperature range and is required to meet all specifications 

over a 20-30C operating range. It is additionally desired that 

the MLA function with reduced sensitivity over an extended 

10-40C range. Initial testing will be performed on a 

temperature plate over the full 10-40C range to determine the 

performance over the full extended range. Modifications may 

then be made to improve sensitivity over the extended range at 

the expense of optimum performance at standard temperature. 

This performance versus temperature data will be presented at 

the conference. 

Bellcore thermal cycling tests are also being performed on 

all modules to optimize reliability. This subjects each module 

to 500 2-hour cycles over a -40C to +70C range. Results from 

these tests will also be presented at the conference. 
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Fig. 4  Photograph of WM250X6SHM varactor multiplier and mixer 

module.  

 

Fig. 2  Model of the 874-GHz IceCube MLA 10 cm x 10 cm science 

plate.  

 

Fig. 3  Photograph of 73AMC active tripler module. 
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Abstract— An integrated 4x1-pixel heterodyne array at 1.9 THz is 
under development at the Jet Propulsion Laboratory (JPL).  This 
array uses a 4x1-pixel multiplier chain for the local oscillator 
(LO) and a matching 4x1-pixel feedhorn array with hot electron 
bolometer (HEB) mixers.  Simultaneous pumping of mixers is 
verified through I-V curves with sensitivities of ~850 K.  This 
design can be extended into larger arrays such as 4x2 or 4x4 by 
stacking the 4x1 LO and mixer modules and can be scaled in size 
to create arrays at other THz frequencies. 

I. INTRODUCTION 
In order to obtain a better understanding of the star 

formation process and lifecycle of the Interstellar Medium 
(ISM) large-scale surveys of gas dynamics in the Milky Way 
are needed.  These surveys require fast mapping speeds at high 
spectral resolution.  In response to this need, JPL is 
developing a 4x1-pixel heterodyne module at 1.9 THz for the 
ISM cooling line [CII].  This module can be stacked to create 
larger arrays such as 4x2 and 4x4 arrays and the designs can 
be scaled to for other astrophysically important spectral lines 
such as the [NII] at 1.46 THz, the high rotational (J) lines of 
CO, or the HD line.  

II. EXPERIMENTAL SETUP 
The array consists of a 4x1-pixel multiplier chain and a 

corresponding 4x1-pixel feedhorn focal plane unit (FPU) 
housing the HEB mixers.  A block diagram for laboratory Y-
factor measurements is shown in Fig. 1 with photographs of a 
prototype 1.9 THz LO and mixer block unit. 

In the laboratory setup, the 4x1-pixel LO [1] is injected 
quasioptically via a polarizer grid and reimaged with two 
elliptical mirrors onto the FPU.  The first mirror sits outside a 
liquid cryostat and the second mirror is bolted to the 4 K plate 
inside the cryostat.  The HEB mixer block is also bolted to the 
4 K plate and connected to low noise amplifiers (LNAs) via 
semi-rigid coax with G3PO connectors.  The LNAs are also in 
thermal contact with the 4 K plate.  Each HEB is constructed 
from a niobium nitride (NbN) bridge and a bowtie antenna on 
a silicon-on-insulator (SOI) chip [2].  These chips are inserted 
into individual backshells and then placed into the 4x1-pixel 
mixer block.  The backend electronics have a 1-2 GHz IF 
passband and an Agilent Power Meter is used to complete Y-
factor measurements. 

A bias system has been constructed from a National 
Instruments digital-to-analog-converter (NI-DAQ).  The DAQ 
has the capability to both set the bias voltages on the LO and 

HEBs and read back the bias voltages and currents from the 
HEBs. 

 
Fig. 1  Block diagram with photographs of the laboratory setup for Y-factor 
measurements of a 4x1-pixel heterodyne array module at 1.9 THz. The top left 
photograph shows the 4x1-pixel LO.  Shown below are its 4 feedhorns.  A 
matching feedhorn array for the HEB mixers sits inside the cryostat.  They are 
shown in the reflection of the elliptical mirror on the right side of the figure 
just below a top down view of the 4 K cold plate. 

III. RESULTS 

A. Measurements of the 4x1 module 
Each of the LO pixels is designed to output >10 µW of 

power, which provides sufficient power to pump each of the 4 
HEB mixers with a 10% beam splitter.  At the time of abstract 
submission, a prototype 4-pixel LO has three out of 4 pixels 
with outputs between 15 – 25 µW of power at 1.890 THz [1].  

Pumped and unpumped I-V curves are shown for the three 
mixers in Fig. 2.  I-V curves for Mixers 2 and 3 have been 
measured simultaneously using the NI-DAQ bias system 
created for the 4-pixel array.  Due to the current limitations of 
the cryostat wiring, Mixer 1 was measured separately.  The 
unpumped I-V curves show that the critical current of Mixer 1 
is 90.2 µA, Mixer 2 is 89.6 µA, and Mixer 3 is 105.4 µA.  
Modifications to the cryostat are under way to allow for the 
measurement of all 4 pixels at once. 

This batch of HEBs produced higher sensitivities at 
frequencies closer to 1.83 THz.  With the Callen-Welton 
correction [3], Mixer 2’s sensitivity is 840 and Mixer 3’s 
measured sensitivity is 875 K.  At the time of abstract 
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submission, Mixer 1 is still in the process of being measured.  
Unfortunately, Mixer 4 is currently shorted.  A summary of 
the current results are presented in Table 1. 

 
TABLE I 

SUMMARY OF MEASUREMENTS FOR MIXERS 1-4 AT 1.9 THZ.  THE 
COLUMNS FROM LEFT TO RIGHT ARE ROOM TEMPERATURE 

RESISTANCE (ΩRT), THE CRITICAL CURRENT (IC), THE BIAS 
VOLTAGE (VBIAS), THE BIAS CURRENT (IBIAS), AND THE RECEIVER 

NOISE TEMPERATURE (TRX). 
 ΩRT IC(µA) VBIAS(mV) IBIAS(µA) TRX(K) 
Mixer 

1 
126 90.2 0.78 13.8 TBD 

Mixer 
2 

114 89.6 0.69 8.6 840 

Mixer 
3 

102 105.4 0.46 11.8 875 

Mixer 
4 

0 NA NA NA NA 

 

Fig. 2  Pumped and unpumped I-V curves for three mixers in the prototype 1.9 
THz FPU.  Because of limitations in the cryostat wiring, only the I-V curves 
for Mixers 2 and 3 were measured simultaneously using the NI-DAQ bias 
system. 

B. 4x4-Pixel Array Design 
Measurements verifying the 4x1-pixel module will enable 4 

modules to be stacked together for a 16-pixel array design.  
The FPU of this 4x4 array is shown in Fig. 3.  Like the 4x1 
module, each HEB will be contained in an individual 
backshell and the IF will be connected to individual LNAs 
through G3PO connectors and semi-rigid coax.  A matching 
4x4-pixel LO can be constructed from four 4x1-pixel LO 
modules.  
 

 
Fig. 3  A CAD drawing for a 4x4-pixel FPU. 

IV. FUTURE PLANS AND CONCLUSIONS 
At the time of abstract submission, a prototype 4x1-pixel 

LO multiplier chain has been completed and tested at 1.9 THz.  
This chain has been used in the simultaneous pumping of two 
HEB NbN mixers.  Improvements to the LO chain will include 
final stage biasing of the multiplier diode in order to adjust the 
LO power in order to optimize each pixel individually and 
thus improve the overall sensitivity of the array. Furthermore, 
this final stage bias will increase the stability of the receiver 
by controlling the output power of each pixel though a 
feedback loop with the HEB mixer currents controlled by the 
NI-DAQ. 

After upgrades to the cryostat are complete, further testing 
and characterization of the prototype 4x1-pixel 1.9 THz 
receiver module will continue in the Spring of 2015 including 
beam pattern and Allan Variance measurements.  Results from 
this testing will be used to construct the 4x1-pixel FPUs at 
1.46 and 1.9 THz for the Stratospheric Terahertz Observatory 
2 (STO-2).  These 4x1 modules can then be replicated to 
facilitate the construction of larger array configurations for 
future suborbital missions such as the Galactic/Extra-Galactic 
Ultra-Long Duration Balloon Spectroscopic/Stratospheric 
THZ Observatory (GUSTO).  
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Abstract— A sideband-separating receiver operating from 180 to 
270 GHz is under development.  This receiver utilizes 30nm InP 
HEMT MMICs for the front-end low-noise amplifiers and 
balanced mixers cryogenically cooled to 22 K.  This paper 
presents the room temperature characterization of the individual 
components and the development of the cryogenic test system. 

I. INTRODUCTION 
MMIC-based radiometers are very attractive for radio 

astronomy and Earth science applications since their limited 
cooling requirements and front-end gain simplifies instrument 
design compared to SIS-junction mixers.  For space-borne 
instruments 20 K cooling is much lower risk because 4 K 
close-cycle coolers are power hungry and has limited flight 
heritage.  Finally, the MMIC’s sensitivity degrades gracefully 
as temperature increases whereas SIS receivers do not operate 
at all above their critical temperature, generally around 10 K.   

The emergence of the Northrop Grumman’s 30nm gate InP 
HEMT process has enabled MMIC technology above 
300 GHz.  These devices have fT > 1000 GHz, enabling 
amplifiers up to 700 GHz [1].  These new devices also offer 
higher performance at lower frequencies, such as the amplifier 
used in this work, which offers 40% bandwidth centered at 
225GHz.  This paper presents the development of a 
cryogenically cooled MMIC-based single-sideband receiver 
operating from 180 to 270GHz.   

II. RECEIVER DESIGN 
The sideband separating receiver is shown in Fig. 1 and 

consists of a front-end LNA, a 90 deg hybrid, two MMIC 
balanced mixers and a Y-junction. The system consists of 
discrete blocks to ease testing and development of each 
component.  

 
Figure 1: The 180-270GHz sideband-separating receiver 
mounted into the cryostat. 

The LNA was designed and fabricated at Northrop 
Grumman Aerospace Systems in their 30nm InP HEMT 
process. This amplifier covers 180 to 270 GHz with a noise 
temperature below 150 K and a gain of 16dB when operated at 
27K ambient as previously presented in [2].   

The 90 degree hybrid and Y-junction splitters are traditional 
designs based on [3] and [4]. Overall amplitude and phase 
imbalance from these components is less than 1.5 dB and 4 
deg, setting an upper limit on the sideband rejection ratio of 20 
dB.  

In anticipation of eventual monolithic fabrication of the 
mixer with the LNA, the mixer designed for this system is also 
fabricated in the InP MMIC process. It is fabricated as a 
discrete component to allow for individual testing of the 
device, as shown in Fig. 2.  The balanced mixer pumps two 
transistors out of phase with a transmission line length 
difference of 180 degrees at 230 GHz. At room temperature 
the mixer provides 10dB conversion loss and 3000-6000 K 
DSB noise temperature.  When cooled to 20K the noise 
temperature drops to 2000-3000K. 

M3-6



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 
 

 
Figure 2: The 230GHz balanced mixer.  LO power couples 
from the left waveguide probe and the RF coupled from 
the right. 

 

III. CRYOGENIC MEASUREMENT SETUP 
A cryostat has been developed with an optical chopper and 

hot and cold loads inside the vacuum chamber to avoid the 
errors introduced by coupling out a window. Fig. 3 shows the 
vacuum chamber with the three optical paths selectable by the 
chopper blade: hot load (290K), cold load (120K, connected to 
the 77K cold stage of the refrigerator) and test signal 
(~100um).  The system is cooled with a CTI-Cryogenics GM 
refrigerator capable of reaching 13 K.  

The receiver is mounted to the cold plate along with the 
multiplier as shown in Fig. 1. The receiver is pumped from 
outside of the cryostat with an Agilent synthesizer W-band 
source module amplified by  GaAs amplifier modules 
producing 80-100mW of power. The I&Q outputs of the two 
mixers are connected to a room temperature IF hybrid through 
a vacuum feedthrough.   

 
Figure 3: The optical setup inside the cryostat.  The optical 
chopper can select three different optical paths to couple to 
either the hot load, cold load or a test signal. 

IV. CONCLUSIONS 
The paper presents the application of new HEMT MMIC 

technology to the development of a single-sideband receiver 
sensitive enough to replace SIS mixers.  The individual 
components have been tested and an appropriate cryogenic 
test bench has been developed.  Cryogenic measurements of 
the sideband separating receiver will be presented at the 
conference.   
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Abstract— The aim of CAmbridge Emission Line Surveyor 

(CAMELS) is to provide an operational demonstration of an 

Integrated Filter Bank Spectrometer (IFBS) for mm-wave 

astronomy.  The prototype will observe from 103-114.7 GHz, 

providing of order 500 channels with a spectral resolution of 

3000.  In this paper we discuss the design of the instrument and 

ongoing work towards its realisation.  Fabrication of a first set of 

devices to verify the key technologies has recently been 

completed.  We will present results from a measurement 

campaign to characterise resonator performance and describe 

our planned optical tests. 

I. INTRODUCTION 

Recent years have seen increased interest in filter bank 

spectrometers for mm, sub-mm and far-infrared astronomy.  

The driving forces have been progress in superconducting 

thin-film circuit technology, allowing the fabrication of the 

required filter banks, and the parallel development of Kinetic 

Inductance Detectors (KIDs), which are near-ideal because of 

the ease with which large numbers of devices can be 

fabricated and read out[1].  In particular, the compatibility of 

the two technologies has made possible the Integrated Filter 

Bank Spectrometer (IFBS), where antenna, filter bank and 

detectors are all integrated on the same chip.  IFBSs are 

predicted to be able to offer comparable resolution to grating 

and Fourier transform spectrometers in these wavebands, but 

at a smaller physical size (by exploiting the slow-wave effect 

or lumped element filters), wider instantaneous bandwidths 

and without moving parts.  An imaging array realised in this 

manner, with moderate spectral resolution over a wide 

bandwidth, would be a transformative technology for survey 

astronomy and mapping. 

Several IFBS projects, such as SuperSpec[2], DESHIMA[3] 

and MicroSpec[4], are targeting sub-mm and far-infrared 

wavelengths.  The CAmbridge Emission Line Surveyor 

(CAMELS) is a complementary project targeting mm-

wavelengths[5], and is a joint effort between the Quantum 

Sensors Group of the Cavendish Laboratory and the Harvard 

Smithsonian Astrophysical Observatory (SAO).  It has two 

main aims: 1) to demonstrate the technologies necessary for a 

mm-wave IFBS and 2) to show operationally that it can be 

used to make science-grade observations.  The latter involves 

addressing issues such as flux- and frequency calibration, 

operation in varying backgrounds and the development of 

optimum observing strategies.  To do so, we will deploy a 

pathfinder instrument on the Greenland Telescope during its 

commissioning phase in 2016.   

The pathfinder instrument will provide four spectrometer 

pixels, each providing 256 spectral channels with a resolution 

R = ∆ν/ν ≈ 3000 (a velocity resolution of ≈100 km/s).  One 

pair will observe in the frequency range 103-109.8 GHz (L) 

and the other from 109.8-114.7 GHz (H).  The main science 

target is 
12

CO(1-0) and 
13

CO(1-0) line emission from galaxies 

in redshift range 0.05-0.13 (
12

CO) and 0.003-0.961 (
13

CO), 

which will allow survey work and mapping gas distributions.  

The L and H bands test will allow us to test performance in 

very different observing regimes.  The L band is away from 

the band edge and so background loading is low, but the 

emission lines are fainter as the galaxies are more distant.  The 

emission in the H band from nearby galaxies should be 

brighter; however, the background loading from the O2 

emission line at the window edge (119 GHz) is much higher 

and subject to greater variability.  Having two pixels 

observing in each band simultaneously will allow for sky 

chopping without loss of observing time, and for comparison 

of the systematics in notionally identical units.  We are 

initially targeting background limited performance, which, for 

example, would require an NEP of order 5 x 10
-18 

W/Hz
0.5

 for 

each detector assuming observing conditions at Thule Air 

Base in Greenland.   

Though science drivers for an mm-wave instrument are 

strong, there are several technological challenges in 

developing KIDs for long-wavelength operation.  The most 

significant is reduced frequency separation between the 

readout signal and the optical signal.  This complicates the 

selection of a material system that functions well at both 

optical frequencies (high-loss required for absorption) and 

readout frequencies (low-loss required).   

In this paper we will describe the current state of the 

development work for the pathfinder instrument.  We will 

begin by giving a system level overview of the instrument.  

This will be followed by a detailed description of the design of 

each of the components, including the filter banks, optical 
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components and resonators.  Recently, we have begun 

measurements on a series of test devices intended to prove the 

key technologies.  In the course of the descriptions of each 

component, we will present preliminary results from these 

devices, and describe the planned measurement campaign in 

detail.  Finally, we will also discuss the development work 

being done on each part for the next generation of chips. 

II. SYSTEM OVERVIEW 

A detailed overview of the plan for the CAMELS prototype 

instrument can be found in [5].  A system block diagram is 

shown in Fig. 1.  At the basic level, an IFBS consists of an 

antenna to couple radiation onto a transmission line; followed 

by a bank of narrow bandpass filters to divide the signal into 

spectral channels; then a series of detectors to measure the 

total integrated power in each channel.  Each spectrometer 

pixel is integrated onto a single chip.  KIDs will be used for 

power detection.  These will be a quarter-wave design, based 

on a length of Niobium Nitride (NbN) and SiO2 microstrip 

shorted at one end and lightly capacitively coupled to a 

readout line at the other.  Readout frequencies in the range 4-6 

GHz will be used.  The resonators incorporate a section of β-

phase Tantalum (β-Ta), in which the signal photons are able to 

break Cooper pairs and generate quasiparticles, changing the 

resonance characteristic.  The filters and optical coupling, 

operating at > 100 GHz, will be implemented in the same 

microstrip.  In operation, the spectrometer chips will be cooled 

to 100mK in an Adiabatic Demagnetisation Refrigerator 

(ADR), which is currently being commissioned for device 

testing at the SAO.   

 
 

Fig. 1 System block diagram of the CAMELS instrument. 

 

The KIDs will be readout in the canonical manner using a 

superposition of microwave tones transmitted along the 

readout line of the chip, each of which will address an 

individual resonator.  The transmission gain and phase is then 

monitored to detect changes in the S-parameters of the 

resonators in response to illumination.  The tones will be 

generated and processed at baseband frequency (0-500 MHz) 

and up- and down-converted to and from the desired readout 

frequency.  All of this is done at room temperature, and the 

only cryogenic electronics required is the cabling to carry the 

signal to and from the array and a low-noise HEMT amplifier. 

In the sections that follow we will discuss the plans for each 

of the components in detail and the present state of testing. 

III. OPTICAL DESIGN 

 

 
 
Fig. 2 Details of antennas for CAMELS chips. a) Proposed 4-probe horn 

coupling. b) Concept for test devices. c) Photo of realised antenna on test 
device. 

A. Antenna 

The final chips will use horn antennas for telescope 

coupling, so a transition is needed from circular waveguide to 

the IFBS chip.  We are investigating a scheme using four 

rectangular waveguide probes suspended on a membrane, 

based on a design for the CLOVER [6] (Fig. 2a).  This will 

allow polarisation-interlacing of two filter-banks, allowing for 

relaxed filter spacing while maintaining frequency coverage. 

To avoid the membrane processing step during the early 

part of the test campaign, the test chips we have produced use 

a planar antenna coupled to microstrip.  This is a centre-fed 

single slot design, which is illuminated from the underside of 

the chip through a window in the holder.  Transmitted 

radiation is absorbed by the blackening on the holder.  This 

arrangement is shown in Fig. 2b, and a photo of the realised 
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antenna in Fig. 1c.  The wide beam of the antenna should also 

simplify illumination.  

B. Filter Bank 

Our initial filter design uses a microstrip ring architecture 

coupled to the antenna and resonator via overlap capacitors.  

This is illustrated in Fig. 3.  Test devices have been fabricated 

with demonstration filters designed for the range 100 – 105 

GHz and with target R of > 1000.  We have fabricated a series 

of chips with identical KIDs where a) one chip has devices 

directly connected to individual antennas b) the second chip 

incorporates filters between the resonator and each antenna 

and c) the third chip has the same filters, but they are fed from 

a single antenna.  This will allow us to accurately calibrate the 

filter profiles. 

Simulations are being performed to try and achieve the 

same R with a half-wave microstrip resonator.  This is 

expected to give much simplified tuning.  Similarly we are 

working to eliminate the overlap capacitors (in both the filters 

and resonators) to simplify fabrication. 

 

 
 
Fig. 3 Ring filter design on test chips: photo of filter on test chip and 

simulated filter profiles in CST, showing different tunings and R values. 

 

C. Coupling to Resonators 

A vital part of any KID is the method by which optical 

power is coupled into the detector.  In the CAMELS devices 

part of the resonator is fabricated out of superconducting β-

phase Ta, in which it is possible for the signal photons (103 – 

115.8GHz) to break Cooper pairs and generate quasiparticles. 

The β-phase Ta films deposited in the Quantum Sensors 

Group’s clean rooms have a transition temperature of 860mK, 

corresponding to a cut-on frequency for pair breaking of 

63GHz (at 0K).  The proposed architecture should therefore be 

able to provide sensitivity across the full W-band window. 

We are testing two different ways of incorporating the 

sensor strip into the resonator.  In the first, the end-section of 

the resonator microstrip is made out of β-Ta and the short is 

provided by a via.  The microstrip line carrying the signal is 

then brought up over the end of the resonator, so that the β-Ta 

section forms its new ground plane.  This is illustrated in Fig. 

4a.  HFSS and CST simulations of the current design predict 

better than -10dB return loss at the signal port across the 

CAMELS band and -7dB transmission to the readout port, 

corresponding to ≈ 70% absorption in the β-Ta.  Less than -

38dB loss in reflection is predicted at the readout port, with 

space for further optimization.  In the second arrangement, 

shown in Fig. 4b, the β-phase Ta is used to fabricate a radial 

stub, which provides the resonator short.  The optical signal is 

then either fed into the stub apex using a second line, or 

carried over the surface of the stub using a microstrip overlap 

system similar to the first coupler described.  Although 

simulations indicate similar power absorptivity to the sensor 

strip design, testing is needed to establish whether the 

quasiparticles generated in the stub are effective at changing 

the resonator characteristic, or are hindered by spatial 

localisation due to decay. 

D. Optical Tests 

The filter profiles will be characterised using a cryogenic 

line source.  This removes the need to open a window in the 

cryostat for initial tests, while the same system can also be 

used as a spectral calibrator in the final instrument.  The 

source is being realised by using a PMP harmonic mixer on 

the 4K plate as a multiplier for a >12GHz signal supplied from 

a warm synthesizer.  Initial tests have verified the operation of 

the mixer in transmission at 4K. 

 

 

 
 
Fig. 4 Optical coupling schemes. a) Overlap design b) Radial stub design. 
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Fig. 5  Details of resonator microstrip. 

 

 
Fig. 6  Measured resonance curve for a via-shorted test resonator.  Upper 

plot shows the transmission gain measured and the lower plot the transmission 

phase shift, as measured with a VNA.  The fitted values for the unloaded and 
coupling Q-factors are 1.98×105 and 8.3×104 respectively.  The readout power 

is estimated to be approximately -107dBm at the device.  This is a preliminary 

measurement made without the optimised readout system, hence the relatively 
high noise level. 

 

IV. RESONATORS 

The KID resonators on the test devices use microstrip with 

NbN upper and lower conductors and a SiO2 dielectric layer.  

The upper and lower NbN films are 200nm and 400nm thick 

respectively and the SiO2 550nm thick, with a strip width of 

2.5um. The NbN was deposited using reactive DC magnetron 

sputtering [7] and was patterned using reactive ion etching.  

Capacitive coupling is achieved by overlapping the end of the 

resonator and the readout line, with a 200nm of SiO2 

separating the conductors.  This realises a small parallel plate 

capacitor.  The overlapping section of the resonator line is 

patterned with lift-off.  Visual inspection of the devices 

indicates the lithography is extremely high quality and all 

features have been reproduced correctly. 

The test devices feature resonators shorted with both vias, 

for characterisation of the resonators, and with representative 

optical coupling structures.  At the conference we will present 

the results of an initial campaign to parameterise the quality 

factors of the resonators, their power handling and the 

readout-frequency characteristics of the couplers.  Preliminary 

measurements on the via-shorted resonators are promising, 

and a measured resonance curve is shown in Fig. 6.  The total 

quality factor of the devices is of order 10
5
, and we expect this 

is limited by dielectric losses. 

V. MULTI-CHANNEL READOUT ELECTRONICS (MCRE) 

The initial MCRE will be based on a CASPER ROACH 

board and open source software and an ADC/DAC system, 

originally developed for the MUSIC project [8].  The required 

components for sets at CAO and Cambridge are being 

assembled.  This is a low risk starting point.  However, we 

intend eventually to transfer as much of the processing from 

the ROACH board to a GPU-based system.  The hope is this 

will allow us to leverage the rapid increase in processing 

power in GPUs, and also to allow us greater flexibility in 

exploring readout algorithms (both in terms or coding and 

available power). 

VI. CONCLUSIONS 

We have summarised recent progress on the CAMELS 

project.  Exploratory devices have been fabricated and are 

undergoing testing to verify key technologies.  These will 

provide feedback for the next generation of devices, which are 

under development and will be representative of an 

operational spectrometer pixel. 
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Abstract— We have designed, fabricated, and measured a 5-

channel prototype spectrometer pixel operating in the WR10 

band to demonstrate a novel moderate-resolution (𝑹 =
𝒇/𝜟𝒇~𝟏𝟎𝟎), multi-pixel, broadband, spectrometer concept for 

mm and submm-wave astronomy. Our design implements a 

transmission line filter bank using waveguide resonant cavities as 

a series of narrow-band filters, each coupled to an aluminum 

kinetic inductance detector (KID). This technology has the 

potential to perform the next generation of spectroscopic 

observations needed to drastically improve our understanding of 

the epoch of reionization (EoR), star formation, and large-scale 

structure of the universe. We present our design concept, results 

from measurements on our prototype device, and the latest 

progress on our efforts to develop a 4-pixel demonstrator 

instrument operating in the 130-250 GHz band. 

I. INTRODUCTION 

Technological advancements in imaging and spectroscopy 

in the mm and submm-wave regimes have revolutionized the 
fields of observational cosmology and extragalactic 

astronomy. ALMA, a product of these advancements, is 

currently performing spectroscopic measurements at 

resolutions and sensitivities much higher than those ever 

previously attainable. While ALMA is a superb tool for 

performing high-resolution imaging and spectroscopy on 

individual sources, it would be prohibitively time-consuming 

to use it for wide-band spectral surveys over large areas of the 

sky. Requiring only moderate spectral resolution (𝑅~50 −
200), such surveys are vitally important to the challenging 
next steps in mm-wave imaging and spectroscopy, which aim 

to characterize the large-scale structure and star formation 

history of the universe using CO and CII intensity mapping 

and perform high angular resolution observations of the hot 

gas in galaxy clusters using the SZ effect. 

Tackling these challenges requires a multi-pixel, broadband 

spectrometer comprised of compact spectrometer arrays 

coupled to large arrays of highly-multiplexable detectors. The 

current state of the art in mm-wave spectroscopy is Z-Spec 

[1], a single-pixel grating-type spectrometer that achieves 

𝑅~300. There are also substantial ongoing efforts to develop 
ultra-compact on-chip spectrometers (e.g. SuperSpec [2] and 

DESHIMA [3]) based on lithographically-patterned 

superconducting filter banks coupled to large arrays of KIDs. 

We are developing a scalable multi-pixel waveguide 

spectrometer (WSPEC) that implements filter banks using 

rectangular waveguide resonant cavities instead of lithography 

for horn-coupled imaging spectroscopy using KIDs. The 

spectrometer pixels, which can be warm and cold-tested 

independently from the detector arrays, are fabricated with 

standard precision-machining tools. WSPEC is a highly 

complementary technology to on-chip designs in several ways: 

1) Our WSPEC demonstrator instrument targets the relatively 

unexplored 130-250 GHz band, which is suitable for CO line 
emission and kinetic SZ studies, 2) WSPEC is designed for 

lower spectral resolution than the superconducting 

spectrometers, and 3) WSPEC may be used as a room-

temperature backend for cryogenic amplifiers, removing the 

need for down-converting mixers. 

II. DESIGN 

A. Waveguide Filter Bank Concept 

The design of a single waveguide spectrometer pixel is 

illustrated in the top panel of Fig. 1, which shows an HFSS 

drawing of our 5-channel prototype filter bank. A feed horn 

couples light from the sky into the main waveguide. Each 

channel connects to the main waveguide through an 

evanescent coupling section into a 𝜆/2 resonant cavity, the 
electrical length of which defines the center frequency of the 

channel. An identical coupling section on the other side of the 

resonator connects to another section of waveguide, which is 

terminated by an aluminum KID. Since the cutoff frequency 

of the coupling sections is approximately 1.5 times the 

channel’s center frequency, these sections are seen as 

capacitive loads. On-resonance, the cavity becomes an 

inductive load that tunes out the capacitive sections allowing a 

narrow band of light centered on the resonant frequency to 

propagate through to that channel’s KID. Off-resonance, no 

impedance cancelation occurs, so no light passes through. 

Therefore, each channel is a narrow-band frequency filter.  

B. WR10 Prototype Pixel 

We have successfully designed, fabricated, and tested a 5-

channel prototype filter bank for the WR10 band. The reason 

for choosing this band is two-fold: 1) we own a WR10 VNA 

extender and 2) the relatively large dimensions of WR10 

waveguide are suitable for a first fabrication. We designed the 
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prototype to have five 𝑅~100 channels centered at the 

following frequencies: 𝑓𝑐 = 80 GHz, three closely-spaced 

channels near 90 GHz, and 𝑓𝑐 = 105 GHz. The 80 GHz and 
105 GHz channels span the WR10 band and the middle three 

channels are spaced in frequency according to the geometric 

progression described in [4]. We chose 3𝜆/4 physical spacing 

between adjacent channels, where 𝜆 is the average wavelength 

of the two channels, because this is the smallest physically 

realizable odd integer multiple of 𝜆/4. Individual channels 

were optimized in HFSS to obtain the appropriate dimensions 

for each channel before fabrication.    

 

 

Fig. 1  HFSS drawing of our 5-channel WR10 prototype spectrometer pixel.  

Just as planned for the full demonstrator instrument, we 

employed E-plane split-block construction using conventional 

alignment pins, as shown in the top-left panel of Fig. 3. The 

prototype device was machined from aluminum using a 5 μm- 

tolerance micromilling machine at ASU. The 1 μm tolerance 

required for the higher-frequency full instrument is 

consistently achieved on another machine in our lab at ASU.  

III. SIMULATION AND MEASUREMENT RESULTS 

After optimizing the dimensions for each channel, we 

performed a final simulation of the entire 5-channel prototype 
device in HFSS. The full structure was small enough for the 

simulation to finish in a single day and the results are shown 

in the top panel of Fig. 2. We see that the full simulation 

closely matches the designed center frequencies and resolving 

power for each channel. 

    

 

Fig. 2 Simulated (top) and measured (bottom) power absorbed by each 

channel and thru detector of our 5-channel WR10 prototype device.  

As shown in Fig. 3, we measured the absorption efficiency 

of each channel of our device by using standard gain horns 

from Quinstar to terminate all but one channel to absorbing 

AN-72 foam and connecting diode detectors to the remaining 

channel and thru port. Our VNA was in unavailable when we 
performed this measurement, so we generated mm waves 

using the source component of our WR10 VNA extender 

driven by a signal generator.  The efficiency of each channel 

was obtained by sweeping through the WR10 band at the 

source and recording the signal measured on the diode 

detector connected to each channel in succession and 

terminating all other channels with horns. The results are 

shown in the bottom panel of Fig. 2. 

 

Fig. 3 Laboratory setup for measuring our WR10 device (bottom), featuring a 

close-ups of the device connected to horns and detectors (top-right) and half 

of the device, illustrating E-plane split-block construction (top-left). 

Measured center frequencies agree with the simulation to 

within 0.5% and resolving powers to within 30%. The 

standing wave pattern observed in the thru detector spectrum 

is possibly accounted for by imperfect terminations in the 

horns or detectors and/or a mismatch inside the VNA 
extender. We will perform additional measurements using our 

VNA in the near future, but overall, our measurement results 

agree with HFSS simulations, confirming that our device at 

least nominally works according to design and suggesting 

HFSS as an appropriate tool to design our full demonstrator 

instrument.  

IV. 4-PIXEL DEMONSTRATOR SPECTROMETER 

An important next step is demonstrating a small array of 

waveguide spectrometer pixels coupled to arrays of KIDs 

targeting a scientifically interesting frequency band. We have 

decided to construct a 4-pixel array of filter banks targeting 

the 130-250 GHz band, which is optimal for studying CO line 
emission and the kinetic SZ effect. 

In order to Nyquist sample the entire 130-250 GHz band, 

we need 108 channels. The entire band is too wide for a 

single-mode rectangular waveguide, so we will split the band 

into a lower band A below the 183 GHz atmospheric line and 

upper band B above the line. Two independent horns will feed 

54-channel filter banks covering bands A and B and these two 

filter banks collectively comprise a single spatial pixel. As 
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illustrated in Figure 4, which shows a Solidworks drawing of 

our 4-pixel design, a linear array of spatial pixels is formed in 

the Y-direction, with all spectral channels feeding a single 

card of KIDs. These linear arrays are then stacked in the Z-

direction to form a filled 2-dimensional focal plane array of 

filter bank spectrometer pixels. Using 3𝜆/4 physical spacing 
between adjacent channels, the band A and B filter banks 

excluding horns, are only 96 mm and 68 mm long, 

respectively. Even a 100-pixel instrument, an eventual goal for 

this technology, would still be relatively compact.  

 

 

Fig. 4 Solidworks drawing of our horn-coupled 4-pixel focal plane array of 

filter banks. 

Drawing and simulating an entire 54-channel filter bank is 

prohibitively memory-intensive and time-consuming to do in a 
single HFSS run. Therefore, we developed an equivalent 

method, which entails using HFSS to compute the scattering 

matrix of each individual channel and then cascading these 

matrices together with the scikit-rf package in python. Using 

this method, we can reproduce all the details of a full HFSS 

simulation down to the -60 dB level and simulate an entire 54-

channel filter bank in only 3 hours of computer time.  

 

 

 

Fig. 5 HFSS-simulated passbands in linear units (top) and dB (bottom) for 

band A, which covers 135-170 GHz, and band B, which covers 190-245 GHz. 

The black curve in the top panel represents the sum total of all the passbands. 

We simulated both band A and band B filter banks and the 

results are shown in both linear units and dB in Fig. 5. The 

absorption efficiency of the channels ranges from 0.25 to 0.4 

and the out-of-band coupling is at the -20 to -30 dB level. 

V. DISCUSSION AND FUTURE WORK 

Before proceeding further, we must consider waveguide 
loss, which can severely limit the performance of mm-wave 

devices. The good agreement between lossless-conductor 

HFSS simulations and measurements of our prototype implies 

that conductor loss is not limiting the performance of our 

WR10 device at room temperature. However, scaling the 

design to higher frequencies could make conductor loss a 

more significant factor. Operating the device at cryogenic 

temperatures and switching from aluminum to a different 

material such as gold-plated OFHC copper will reduce loss. 

We will perform more detailed HFSS simulations to decide on 

the material to use for the full instrument. 

In the short term, we will perform additional measurements 
on our prototype pixel using our VNA to better characterize 

the device. We will then fabricate and test a similar pixel that 

is scaled to band A in the 130-250 GHz band and investigate 

coupling its channels to a linear array of KIDs. The KIDs will 

be fabricated at ASU’s nanofabrication center. When coupling 

KIDs to channels is well-understood, we will begin 

constructing the full 54-channel filter bank pixels, which will 

be tested individually using mm-wave sources at ambient and 

cryogenic temperatures. The long-term goal is to construct the 

full horn-coupled array of spectrometer pixels, mount it in an 

existing 230 mK cryogenic system at ASU and deploy the 
instrument on a telescope within two years.  

VI. CONCLUSIONS 

We presented a novel mm-wave spectrometer technology 

that has the potential to markedly improve our understanding 

of star formation and large-scale structure of the universe. 

Measurements of our WR10 prototype device have yielded 

promising results and we are currently developing a 4-pixel 

demonstrator instrument that operates in the 130-250 GHz 

band. In the future, we may investigate the possibility of 

incorporating an orthomode transducer and wide band 

frequency diplexer to allow dual polarization measurements 

over the entire frequency band for each pixel. 
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Abstract— We are developing an extremely compact (~10 cm2) 
sub-millimeter spectrometer instrument called µ-Spec for 
application on a space or balloon telescope. We use low-loss 
superconducting microstrip transmission lines on 0.45 µm single-
crystal silicon to produce a synthetic grating with spectral 
resolution and efficiency only limited by the intrinsic loss of 
Si.  The photon detectors are superconducting micro-resonator 
MKIDs that are produced by patterning a layer of 
superconducting thin film such as Al on Si. We have built a 
prototype version of µ-Spec with resolution R=64 that operates in 
the 400—600 GHz band. We have measured the spectral 
response of the channels and obtained good agreement with the 
expected resolution of 64 and band center frequency locations 
within ±1 GHz of design values. We have also designed and 
characterized Al resonators and obtained quasi-particle lifetimes 
of order ~ 1ms and internal quality factors of order ~ 2 million, 
which are necessary for producing ultra-sensitive MKIDs for a 
space or balloon instrument. 
 

I. INTRODUCTION 
High-resolution submillimeter and far-IR spectroscopy is a 

powerful tool for probing the early universe in the epochs of 
initial galaxy formation and reionization. The observation of 
the fine structure lines of the abundant elements C, N, and O 
allow us to trace obscured star formation and AGN activity 
into the high redshift universe, and enable the exploration of 
the physical conditions during the time when many of the 
elements are being formed. We can observe molecular lines, 
such as the CO ladder, from the nearby universe to z>5.  

Our ability to fully explore this rich spectral region has 
been limited, however, by the size and cost of the cryogenic 
spectrometers necessary to perform these measurements with 
the required resolution and sensitivity from space. For 
example, the current ground-based state-of-the-art 
submillimeter spectrometer Z-Spec [1], with R ~ 300, uses a   
parallel-plate waveguide grating architecture and has a cold 
mass of ~ 4 kg of aluminum at 0.1 K, clearly a challenge to   
adapt for a space instrument (see Fig 1(left)). We are 
developing an extremely compact (~10 cm2), submillimeter 
spectrometer, called µ-Spec for operation on a space or 
balloon instrument with R ~ 1500 in the 350-700 GHz band. 
All elements of the spectrometer - the dispersive element,  

filters, and detectors - are fully integrated on a single Si chip 
(see Fig. 1(right)). We achieved orders of magnitude reduction 
in the mass and volume of our spectrometer by using 
superconducting microstrip transmission lines combined with 
the very low loss [2] and high refractive index of single-
crystal silicon as the dielectric. We use Microwave Kinetic 
inductance Detectors (MKIDs) [3, 4, 5] to sensitively detect 
photons in each spectral channel. Arrays of these µ-Spec 
modules can enable high performance spectroscopic surveys 
opening a wide range of new science.  

We will describe an overview of the instrument and critical 
components, and then present laboratory measurement results 
on a prototype µ-Spec with resolution R=64. We also describe 
on-going detector development and characterization work for 
our aluminum MKIDs, and characterization of our ultra-low 
background testbed.  

 

II. OVERVIEW OF SPECTROMETER AND COMPONENTS 
A photograph of a complete prototype µ-Spec chip 

designed for R=64 is shown in Fig. 2. The sub-mm signal is 
captured with a broadband single slot antenna on chip (Fig. 2 
(A)) that is at the focus of a semi-hemispherical silicon lens 
glued on the backside of the chip and AR coated, and is then 
coupled onto a microstrip transmission line. The light is then 
split into N equal beams, with a linear phase gradient across 

Fig. 1 A prototype µ-Spec instrument with R=64 (right) compared in size to 
the  state-of-the-art submillimeter spectrometer Z-Spec (left)  
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the arced pupil introduced in the ‘delay network’ portion of 
the spectrometer (Fig. 2(B)), which is made from a series of 
meandered microstrip lines.  The N outputs radiate into a 2-D 
parallel-plate waveguide region where convergent circular 
wavefronts from the different wavelengths of light focus at 
different locations along the opposite focal curve, producing 
the desired dispersion.  
 The optical signals at the focal curve are coupled to 
MKIDs in our implementation. An MKID is a microwave 
resonator circuit in which light is detected by a change in the 
microwave resonance behavior. Thus, all the spectral channels 
are intrinsically frequency multiplexed and can be 
simultaneously observed and readout by a single microwave 
feedline. In our devices the MKIDs were optimized for two 
specific background power loading conditions depending on 
the test environment (cryogenic blackbody source or external 
monochromatic source). MKIDs have the advantage that they 
are naturally frequency multiplexed, are lithographically 
compatible and integrated with the rest of the spectrometer 
elements on the same wafer, and have demonstrated low NEP 
performance by several groups [6, 7].  
 

III. PROTOTYPE MEASUREMENTS 
We have measured the spectral response of our first 

prototype µ-Spec designed for R = 64. We used a tunable 
photomixer diode THz source to produce monochromatic light 
and scanned the output frequency over the bandwidth of the 
spectrometer. Measurements of three adjacent channels are 
shown in Fig. 3 where they are compared to expected line 
profiles (solid lines). These first measurements demonstrate 
the design resolution and frequency location (±1 GHz) of 
channels on the spectrometer, with a null response outside of 
the expected channel bands, and confirm that the spectrometer 
is operating as expected. The observed fine structure in the 
lines was caused by an unaccounted for impedance mismatch 
inside the MKIDs and not the spectrometer itself. This is 

because these initial MKIDs employed a newly developed 
Mo/Mo2N/Mo trilayer material whose properties were not well 
understood. We are now using aluminum for our new devices, 
which is a widely used material for MKIDs, and we have 
characterized its properties. 
 

IV. ALUMINUM MKID CHARACTERIZATION  
We have designed and fabricated several resonator test 

devices to characterize and evaluate the qualities of our 
aluminium films on Si for use in MKIDs. One of the qualities 
that impact the performance of an MKID is the internal quality 
factor Qi, which determines the internal losses inside the 
resonator and affects the sensitivity. Our latest Al devices 
indicate a Qi ~ 2 million at intermediate microwave readout 
powers (~95 dBm). We also measured the quasi-particle 
lifetime τqp in these devices using a cryogenic optical LED as 
a photon source and observed τ ~ 1 ms. We believe that based 
on published literature [6] these observed values for Qi and τqp 
are sufficiently good to allow realization of an MKID with 
sensitivity of order ~ 10-19 W/√Hz as required for balloon 
operation of µ-Spec.  

Our resonator measurements were performed inside a 
closed cycle dilution refrigerator that was customized for 
ultra-low background testing. We used custom-made in-line 
coaxial filters for stray light rejection and confirmed immunity 
to stray light by performing various loading tests, and cross-
comparing ultra-high Q devices borrowed from several 
collaborators.                                                                                                    

V. FUTURE PLANS 
As a next step in this technology development, we plan to 

extend our spectrometer demonstration to resolutions of 
R=256 and R=512. In doing so we will also demonstrate 
optically-coupled aluminum MKIDs with the sensitivities 
required for balloon flight conditions. An R=256 and R=512 
balloon µ-Spec instrument would be capable of returning the 

Fig. 2 Photograph of a fabricated prototype µ-Spec chip with R=64 optimized for an optical loading power of ~ 20pW for low-background testing. Key 
components indicated are (A) slot antenna, (B) phase delay microstrip network, (C) parallel-plate waveguide region, (D) Microwave Kinetic Inductance 
Detectors. Note the white circles in the parallel-plate region are an image artifact caused by the microscope. 
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first significant science results. For example, an R=512 µ-Spec 
instrument on a cold balloon would have a line sensitivity 
better than the Herschel SPIRE or HIFI instruments by an 
order of magnitude. 

VI. CONCLUSIONS 
We have designed, developed, and measured the basic 

operation of a prototype µ-Spec with R=64 in the lab. The 
spectral response agrees well with the design resolution and 
frequency location (±1 GHz) of the channels, and confirms 
that the spectrometer is operating as expected. We fabricated 
MKID resonators made from aluminum films on Si and 

measured internal Q’s of ~ 2 million and lifetimes of ~ 1 ms, 
which are required for sensitive MKIDs for µ-Spec. We plan 
to extend the resolution to R=512 and demonstrate operation 
with ultrasensitive aluminum MKIDs. 
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resolution to be achieved in a few cm2 area on a Si wafer, and is key to extending this integrated 
spectrometer to R~1500 at λ > 400 µm for high sensitivity extragalactic astronomy.  

As shown in Fig. 2, the outputs from the delay network lines are spaced along an 
approximately circular arc, where the light is radiated into a 2-D parallel plate waveguide region. 
The convergent circular wavefronts from the different wavelengths of light focus at different 
locations along an array of receiver feeds at the focal curve. Absorbing sidewalls in the region 
prevent unwanted reflections inside the spectrometer.  

The optical signals are coupled to Microwave Kinetic Inductance Detectors (MKIDs) [5, 6] 
in our implementation. An MKID is a microwave resonator circuit in which light is detected by a 
change in the microwave resonance behavior. Thus, all the spectral channels are intrinsically 
frequency multiplexed and can be simultaneously observed and readout by a single microwave 
feedline. We have chosen to use MKIDs because of this simplified readout scheme, their 
demonstrated low-NEP capability, and their easy integration into our fabrication process.  

There are several components we have identified as critical to the success of the instrument 
and to achieving the highest spectrometer resolution and sensitivity. We have made great progress 
in developing these components in our prior work, and it will be our continued strategy to advance 
these areas to accomplish the goals of this proposal. These key components for are as follows: 
 
Transmission Line Development: Central to the spectrometer design is the ability to produce 
microstrip transmission lines that provide the required phase delay without excessive loss and with 
precision phase control. We have already demonstrated a low loss limit of a Nb microstrip on Si 
system (Sect. 1.3.2.2.2) and adequate phase control for R≤300 designs. In this proposed work we 
will move toward higher resolution designs by developing adjustable phase delays and completing 
analysis and mitigation (if required) of transmission line loss. More details of our proposed work 
in this area are given in Sect. 1.3.2.2 

Spectrometer Development: The spectral 
separation in the µ-Spec instrument occurs 
in the 2-D parallel plate waveguide region 
with the placement of the receivers and 
emitters along the focal plane curves. 
Spectral separation will be achieved during 
higher order operation with the assistance of 
channelizing filters. We have preliminary 
measurement which demonstrate a first 
order R=64 design (Fig. 4) and we will 
extend this design in this proposed work. In 
addition, we have already demonstrated 
channelizing filter response (Fig. 7). More 
details of our work on the spectrometer 
design are given in Sect. 1.3.2.3.  
 

Fig. 4: Preliminary measurements of three adjacent channels on a R=64 µ-Spec compared to expected line profiles 
(solid lines). These first measurements demonstrate the design resolution and frequency location (±1 GHz) of 
channels on the spectrometer, with a null response outside of the expected channel bands. This measurement shows 
no loss, as expected from loss limits set by 2-line interference measurements (Sect. 1.3.2.2.2). We have strong 
evidence that the fine structure apparent in the measured lines is due to coupling of sub-mm power through the CPW 
readout feedline (and not the spectrometer) and we are working to improve our packaging design to address this. We 
will replace the CPW feedline with microstrip in the next design to avoid this issue.  

Fig. 2 Optical measurements of three adjacent spectral channels on a R=64 µ-
Spec chip.  The expected line profiles are shown with solid lines. These first 
measurements demonstrate the design resolution and frequency location (±1 
GHz) of channels on the spectrometer, with a null response outside of the 
expected channel bands. 
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Abstract— Several recent space missions have required un-cooled 

receivers for radiometer use above 500GHz for atmosphere 

probing. These include MetOP 2nd generation meteorological 

satellites and Jupiter Moons JUICE spacecraft. The preferred 

technology for these missions is high performance (uncooled) 

Schottky balanced mixer but producing the necessary Local 

Oscillator (LO) pump power is a formidable challenge.  This 

paper outlines the design of a 600GHz tripler, capable of 

providing in excess of 5mW, capable of driving a sub-harmonic 

Schottky mixer for 1.2THz.  The project is part of  ESA initiative 

AO-6649 to develop key technologies for high power, high 

frequency Local Oscillator sources for  future space missions. 

I. INTRODUCTION 

Schottky varactor multiplier technology has been the 

principle method of generating reliable power at millimeter 

wavelength for many decades. Several competing technologies 

have been developed, but have so far failed to replace varactor 

multipliers at frequencies over 300GHz. Schottky varactors at 

these frequencies are not without its own problems: the size of 

the varactor diodes becomes very small, causing severe 

problems of current crowding and overheating, limiting both 

the efficiency of the varactor multiplier and the maximum 

input power possible. A performance ‘wall’ is hit which has 

long been recognised by many groups in the field, as far back 

as 1991 [1] [2]. Despite much research, output power 

performance of even the best THz varactor multipliers is still 

relatively poor (< 0.5mW from a single multiplier device at 

close to 1THz) but is still significantly better than other 

competing technologies. 

  While power-combining technology is being pursued to 

ameliorate this problem, it is still understandably beneficial to 

obtain as much power as possible from a single device before 

resorting to power combining. 

This paper outlines work undertaken to design a narrow-

band tripler at 600GHz with excellent output power (without 

power combination), for space missions. The difficulties 

which cause reduced efficiency and limit output power are 

discussed.  

Providing the high power 100mW 200GHz input pump-

power for this tripler is also a major challenge. This 200GHz 

doubler work is presented separately at this symposium by 

Bertrand Thomas. 

  The design of the 600GHz tripler film-MMIC is based on 

a previous 440GHz film-MMIC doubler, but has some 

significant improvements, notably an integrated CVD-

diamond heat-spreader.  Results from this 440GHz doubler 

test device were previously presented by ACST [3]. Over 

12mW output power was achieved from a 2-anode doubler at 

440GHz, with over 25% efficiency, which we view as an 

excellent preliminary result. This doubler was also valuable in 

providing information about the correct GaAs doping 

concentration. 

 The ACST varactor implementation provides exceptional 

quality Schottky contacts with very high reverse breakdown 

voltages. A separate paper highlighting the key varactor 

device technologies will be published by Ion Oprea of ACST 

GmbH. 

II. TRIPLER LAYOUT

The 600GHz tripler uses a standard, series-connected 

varactor, balanced configuration with DC bias. The THz-MIC 

is fabricated on a low-dielectric film membrane substrate. 

This structure allows several innovative features, including 

very thin (but large area) isolated mesa islands, front-side and 

back-side metallization forming a sandwich-wrap around the 

varactor mesas and a direct thermal path to a thin diamond 

layer.

Fig. 1  The varactors of the tripler shown with the thick gold straps to the 

CVD diamond.  The area circled is a single-layer capacitor for DC bias.  
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Very thin MESAs have three major advantages: a) they 

allow a quasi-vertical structure with a small RF current path to 

the back-side gold, b) the GaAs layer is thin enough to largely 

suppress RF eddy current skin effects, which plays a major 

role in extra resistance [4][5], and c) there is a very short 

thermal path from the anode to the gold metallization.  

The mesa pad construction appears extremely large 

compared to a typical GaAs MMIC tripler, but does not pose 

problems because of the low dielectric constant of the thin 

film membrane. The large pads greatly assist thermal transfer 

(see Fig 1). 

The MMIC design outlined is quite elaborate with many 

processing steps.  A doubler, based on very similar technology 

at 332GHz is already being tested in an ESA reliability 

programme for use as a 664GHz mixer LO for currently under 

development PostEPS/MetOp2 satellites. 

We are hoping to simplify the design in the future, keeping 

the key features but to make the technology accessible to 

mass-manufactured devices. 

III. TRIPLER DESIGN AND SIMULATIONS

To achieve the design goal of 5mW output power, we 

pessimistically assume we require about 100mW input power 

at 200GHz.  4 anodes can handle this power with ease (from a 

voltage breakdown perspective). We estimate a maximum 

input power of 140mW for 4 anodes.  Dissipating heat from 

the multiple small anodes however is a major problem.  It is 

necessary to situate the anodes close to a low-dielectric but 

high thermally conductive material, acting as a heat-spreader. 

Vapour-deposited (CVD) diamond is an ideal material which 

has been successfully tried by several groups [6] including 

ourselves but the attachment of the diamond to the GaAs 

device with a very thin layer of glue has always been the 

thermal “bottleneck” [4].  A new technology has been 

developed within this activity for the monolithic integration of 

a CVD diamond heatspreader into the tripler THz-MIC. This 

allowed us to avoid a problematic intermediate adhesive layer. 

The design of the tripler follows previous design strategies, 

using a combination of HFSS simulation for the structure plus 

a non-linear harmonic-balance simulator for the diodes (AWR 

Microwave Office). The device is swept in frequency and 

simulated either in pieces or as a whole, without filtering out 

harmonic components. The harmonic balance analysis 

therefore includes all the complex interactions of the 

harmonics. The final whole simulation also includes all 

excited internal waveguide and substrate modes.  

RF simulations show that this geometry can still achieve 

high RF performance while still simultaneously offering 

excellent thermal performance.  

Fig. 2  Conversion efficiency and  input and output match (dB scale) for an 

input power of 100mW and 10V bias 

At these high frequencies, it is imperative to keep the 

varactor anode area as large as possible because the expected 

effective series resistance (caused by current crowding and 

velocity saturation) scales with the junction area [6].  This 

design uses 4 anodes each with Cj0 of 14fF.  The large 

capacitance of the varactors is a challenge for wideband 

design. This design has nearly 11mm of various waveguide 

input matching transformer sections (extremely large for a 

600GHz device).  The bandwidth achieved is in excess of 8% 

and the efficiency is good (6%) see Fig 2.  A series resistance 

value of 80 Ohms/Cj0 (fF) is used (Erickson [7]) in the 

simulation, which is consistent with other measured ACST 

varactors at comparable frequencies.  The thin mesa and 

vertical varactor ACST structure may be the reason for the 

lower series resistance, compared to the usual 120 Ohms. 

Using the optimal GaAs doping concentration to match the 

input power is also critical to reduce velocity saturation 

effects.  Unfortunately, increasing doping concentration 

causes several major detrimental effects: a similar value of Cj0 

will have a smaller anode diameter for a higher doping density 

and the varactor will also have reduced reverse breakdown 

voltage. A careful balance is therefore required to give the best 

compromise between anode size and saturation effects for any 

particular frequency and input power.  This has been studied 

in depth by several other groups [8] which include, 

fortuitously a 400GHz doubler and a 600GHz tripler.  

IV. EXTENDED BANDWIDTH DESIGN

A special requirement for the JUICE spacecraft is that the 

1200GHz receiver must cover nearly 19% bandwidth. 

 Work is underway to attempt to extend our existing tripler 

design to allow even wider bandwidths, compatible with the 

JUICE requirements. This work has concentrated initially just 

on the problems of high power, with narrow bandwidth. Once 

this step has been achieved, a wider band version, using the 

same technology, and probably the same MMIC (with lower 

efficiency and therefore higher input power) will be attempted. 
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V. CONCLUSIONS 

A new method of creating a high power, high frequency 

tripler THz-MIC is presented. The design seeks to reach high 

efficiency by minimising the effects of current crowding and 

velocity saturation. A high input power is possible through the 

use of an integrated diamond heat-spreader. The ACST 

varactor implementation allows reverse breakdown voltages 

close to the theoretical maximum -15V. The combination of 

these features is expected to allow output power levels in 

excess of 5mW to be achieved at 600GHz from a single 

device.  Testing of the multiplier is expected in early 2015.  
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Abstract— This article describes the development of test 
instrumentation and a source covering the 1.25-1.51 THz 
frequency range. The instrumentation being developed includes a 
WM-164 (1.1-1.7 THz) waveguide interface, a 30 uW source, a 
heterodyne receiver, and a diagonal horn.   

I. INTRODUCTION 
The Atacama Large Millimeter/Submillimeter Array 

(ALMA) covers the atmospheric windows from 84 GHz to 
950 GHz (see Fig. 1) in a series of discrete bands. For 
example, the highest frequency band is Band 10, which covers 
787-950 GHz. In recent years there has been discussion of a 
possible extension of the ALMA telescopes to above 1 THz 
[1]. Fig. 1 shows the predicted atmospheric transmittance on a 
dry day at the ALMA site, and shows two windows between 
roughly 1.25 THz and 1.55 THz [2]. Although the 
transmittance is relatively low, these windows do offer the 
opportunity to observe above 1 THz at the Atacama site.  

The article will describe the development of sources and 
test instrumentation to cover these THz atmospheric windows. 
First the development of a waveguide interface in the 1.1-1.7 
THz band will be described. Next, initial work on a room 
temperature heterodyne receiver covering the 1.1-1.5 THz 
range will be described. Finally, the development of a room 
temperature source to cover 1.25-1.51 THz with 30 uW of 
output power will be described. 

 
 

 
Fig. 1. Predicted atmospheric transmittance for the ALMA site under dry 
conditions [2].  
 

II. WM-164 (WR-0.65) WAVEGUIDE INTERFACE 
The highest frequency waveguide interface currently in use 

at Virginia Diodes Inc. (VDI) is WM-250 (WR-1.0), covering 
750-1100 GHz, and with a waveguide size of 250x125 um. 
Above this band VDI has used integrated diagonal horns at the 
output of components such as multipliers and mixers. 
However, for general laboratory measurements it is desirable 
to use a waveguide interface, which allows greater 
measurement flexibility. For example, waveguide-based 
directional couplers can be used, thus allowing for accurately 
calibrated measurements.  Because of the success of the WM-
250 waveguide interface it is believed that this basic interface 
technology can be extended above 1 THz.  

The WM-164 (WR-0.65) waveguide band, covering 1.1-1.7 
THz, has a waveguide size of 164x82 um. Given such a small 
waveguide size careful alignment is required to connect the 
waveguides while achieving low interface reflections. The 
IEEE P1785 workgroup [3] has been working on a new 
waveguide interface standard entitled “IEEE Standard for 
Rectangular Metallic Waveguides and Their Interfaces for 
Frequencies of 110 GHz and Above.” Part 2 of the standard, 
titled “Waveguide Interfaces,” focuses on an improved 
waveguide interface.  

Fig. 2 shows a diagonal feedhorn at WM-164 with a 
waveguide interface, and Fig. 3 shows a detailed drawing of 
the waveguide interface. This VDI WM-164 interface is 
compatible with the IEEE standard, although it differs slightly 
in having a smaller diameter for the outer slip fit “S” holes. 
The waveguide interface has two alignment mechanisms being 
considered for use. The first alignment mechanism is the 
“Precision Dowel” method (IEEE 1785-2a) that uses the inner 
“K” holes and two differently sized dowels. The second is the 
“Ring-Centered” method (IEEE 1785-2b) that uses a ring to 
align the alignment mechanism on the central boss. The details 
of these alignment mechanisms are described in Part 2 of the 
IEEE standard that has been sent to the IEEE Standards 
Associations for final vote and is expected to be published 
during this coming year.  

The “Precison Dowel” method has a predicted worst case 
reflection coefficient of -12 dB over the WM-164 band, and 
the “Ring-Centered” method has a predicted worst case 
reflection coefficient of -16 dB. In either case the reflection 
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coefficient is low enough that it will have minimal impact on 
the system performance. Experiments will be performed with 
both alignment methods in order to determine which gives the 
best performance over repeated connections.  

The WM-164 horns are being manufactured now, and 
testing will begin once the WM-164 triplers (see Section IV) 
have also been completed.  
 
 
 

 
Fig. 2. Two views of the WM-164 diagonal horn with high precision 
waveguide interface. The left view shows the output aperture of the 25 dB 
gain diagonal horn, and the right view shows the high precision interface.  
 
 

  
Fig. 3. Schematic of the VDI High Precision waveguide interface for use at 
WM-164.  
 

III. WM-164 RECEIVER DEVELOPMENT 
For astronomical observations on the ALMA telescopes the 

highest possible sensitivity receivers are required, and so 
liquid Helium-cooled mixers will be used for observing. 
However, for laboratory development of the receiver 
cartridges and quasi-optics the ability to use an ambient 
receiver can save a great amount of time and expense. In order 
to fulfil this need a Schottky-diode based receiver system that 
operates at ambient is being developed. The initial goal is for 
the receiver to cover the frequency range from 1.1-1.55 THz. 

The heart of the receiver consists of the WM-164X3SHM 
tripler-mixer, a schematic of which is shown in Fig. 4. This 

component consists of a wideband tripler followed by a 
fullband subharmonic mixer. The WM-164X3SHM will 
require an input power of roughly 20 mW from 183-258 GHz 
to fully pump the mixer. In order to generate this power a 
standard VDI source (output power 1-2 mW) will be used to 
drive an amplifier covering the 183-258 GHz range with 
output power in the 30-50 mW range [4].  Initial testing of a 
prototype local oscillator chain yielded 0.3-0.9 mW from 500-
700 GHz. Work is underway on the packaging of the MMIC 
chip to improve the high end performance and extend the 
upper frequency to 750 GHz.  

 
 

 
Fig. 4. Two views of the WM-164X3SHM, which consists of a broadband 
tripler followed by a full-band subharmonic mixer. The left view shows the 
WM-164 high precision waveguide interface, and the right view shows the 
input waveguide at WR-4.5.  
 

IV. 1.25-1.51 THZ SOURCE DEVELOPMENT 
A source covering 1.25-1.51 THz is being developed both 

for use as a local oscillator drive for the SIS receiver, and also 
as a test source for general laboratory development and 
testing. The goal is to obtain greater than 30 uW over the band 
1.25-1.51 THz. An earlier version of the source is pictured in 
Fig. 5. Two varactor multiplier chains are used to drive the 
source, one covering 138.9-157.8 GHz and the other 
covering162.2-167.8 GHz. The gap between the two sources is 
placed so that it is coincident with the water absorption line 
centered at ~1.44 THz, as shown in Fig. 1. A waveguide 
diplexer is then used to combine the two signals into a signal 
waveguide that feeds a cascade of two broadband triplers with 
output from 1.25-1.51 THz. This earlier version of source 
covers the correct band, but with an output power of only 10-
30 uW.  

In order to increase the output power the varactor 
multipliers are being redesigned to improve thermal grounding 
and also two-way power combining has been added. The other 
bottleneck in the system is the final THz tripler, which was 
significantly compressed for the system pictured in Fig. 5. A 
power combined version of the THz tripler has been designed 
and is now being manufactured. With these improvements it is 
believed that greater than 30 uW of output power can be 
achieved over the full frequency range.  
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Fig. 5. (a) Basic architecture of 1.25-1.51 THz Source and (b) measured 
output power from a previous prototype of the source, showing the two 
varactor chains combined using the waveguide diplexer.  
 

 
 
 
 

 
 

 

V. CONCLUSIONS 
Initial developments of test instrumentation covering the 

1.25-1.51 THz range have been presented. Measurements on 
the final systems will be presented at the conference. 
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Abstract— Two high-power room-temperature 4-pixel frequency 

multiplied local oscillator sources at 1.47 THz and 1.9 THz have 

been recently developed at the Jet Propulsion Laboratory (JPL) 

to enable multi-pixel heterodyne terahertz spectroscopy for 

astrophysics. Initial tests show output power levels per pixel in 

the 5-70 µW range, enough to drive Hot Electron Bolometer 

(HEB) based receivers. These sources are the baseline for the 

Stratospheric Terahertz Observatory (STO-2) balloon, to be 

launched from Antarctica by the end of 2015.  The LO power of 

each pixel can be independently controlled using the dc bias of 

the last stage multipliers. Using dc bias in the last multiplier stage 

(beyond 1.4 THz) was challenging from a fabrication point of 

view, but it improves the circuit matching and the results show a 

considerable increase in the performance of the LO source (up to 

a factor of two in some cases). These 4-pixel modules will be the 

basis for a 16 pixel LO system currently under development. 

Novel designs with superior power handling capabilities have also 

been demonstrated and will be introduced to increase the 

performance and compactness of these multi-pixel sources. 

I. INTRODUCTION 

There are many key tracers of the interstellar medium and 

the process of star formation in the submillimeter region of the 

spectrum.  Many of these, including CII, NII, CO, and H2O 

have been successfully observed with the Herschel HIFI 

instrument, which was a single-pixel system. The goal now is 

to develop and demonstrate focal plane arrays that can 

perform high resolution mapping of extended sources in a 

reasonable observation time frame. This will provide a major 

enhancement of capability for high spectral resolution imaging 

of submillimeter lines with STO-2 (NII at 1.47 THz and CII at 

1.9 THz) and future suborbital and space platforms. 

II. MULTI-PIXEL MULTIPLIED SOURCE ARCHITECTURE 

The 4-pixel 1.47 THz frequency multiplied LO source (see 

Fig. 1) consists of a W-band (WR-10) 2-way waveguide 

splitter followed by W-band isolators with an approximate 1 

dB insertion loss, two 150-170 GHz doublers with 25-30% 

conversion efficiencies, two WR-5 2-way waveguide splitters, 

a 490 GHz tripler module featuring four individuals tripler 

chips with a conversion efficiency of around 5-8%, and four 

1.47 THz frequency tripler blocks. All frequency multipliers 

are dc bias controlled, which allows to independently adjust 

the LO power per pixel to match the requirements of each 

specific HEB mixer chip. The LO chain is driven by a Ku-

band synthesizer and a Millitech AMC-10-0000N active 

sextupler followed by a Quinstar 79-85 GHz amplifier 

providing around 300-400 mW total power (150-200 mW 

power at the input of each 160 GHz doubler). 

 

Fig. 1  Photo of the JPL 4-pixel 1.47 THz frequency multiplied LO source. 

The 4-pixel 1.9 THz frequency multiplied LO source [1] 

(see Fig. 2) consists of a X3X2X3X3 configuration driven 

with a Ka-band synthesizer and two Ka-band high-power 

amplifiers followed by WR-28 2-way splitters to generate four 

independent outputs. Each amplifier produces around 1 W 

each resulting in ~120 mW power at the input of each of the 

110 GHz triplers. The last split-waveguide block features both 

the 650 GHz tripler and a 1.9 THz tripler. The conversion 

efficiencies of the frequency multiplied stages are: ~25-30% 

for 110 GHz tripler stage, ~20-25% for the 210 GHz doubler 

stage, ~4-6% for the 630 GHz tripler stage and ~2% for the 

1.9 THz tripler stage. 
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Fig. 2  Photo of the JPL 4-pixel 1.9 THz frequency multiplied LO source. 

III. RESULTS 

A. Measurements of the 4-pixel modules 

The output power per pixel for both the 1.47 THz source 

and the 1.9 THz source is measured using a circular to WR-10 

1-inch waveguide transition and a PM4 Erickson power meter. 

The output power is not corrected for the transition loss. The 

results are presented in Fig. 3. For these tests, the dc bias lines 

of the multipliers in each multiplication stage were tied 

together, so no independent tuning per pixel was considered. 

The 1.47 THz triplers and the 1.9 THz triplers used in these 

specific tests were biasless. All the pixels, except for one pixel 

of the 1.9 THz source (due to a degraded 1.9 THz tripler chip), 

provide around 5-70 µW, which is enough to drive the HEB 

mixers. 

 

Fig. 3  Initial results of the 4-pixel sources for STO-2: Output power per pixel 

as a function of output frequency for both the 1.47 THz LO source (top) and 
the 1.9 THz LO source (bottom). 

 

B. Importance of using dc bias in the last stage  

Even though biasless last stage triplers were used for the 

initial tests shown in Fig. 3, the blocks were designed to be 

compatible with both biasless and biasable devices. Using 

biasable frequency multipliers in the last multiplier stage of 

these LO sources not only makes it possible to accurately 

control the output power per pixel, but also to compensate for 

fabrication variations and to increase the performance of the 

devices. To demonstrate this, the same design has been 

fabricated biasless and biasable for both the 1.47 THz tripler 

stage and the 1.9 THz tripler stage. These designs are shown 

in Fig. 4 (top) for the 1.47 THz case. It can be seen in Fig. 4 

(bottom) that using dc bias can improve considerably the 

output power per pixel of these frequency multiplied LO 

sources. In particular, the output power at 1.47 THz increases 

from ~15 µW to ~ 30 µW. This is the first time a direct 

comparison between same designs (biasless and biasable) is 

provided above 1.4 THz. 

A similar comparison at 1.9 THz will be provided in the 

final paper, as well as frequency sweeps using the biasable 

option for the last stage multiplier for both the 1.47 THz and 

the 1.9 THz 4-pixel LO sources. 

 

Fig. 4  Photo of the 1.47 THz frequency tripler device: biasable (top left) and 
biasless (top right). Output power vs. output frequency of one of the pixels of 

the 1.47 THz LO source using the biasless 1.47 THz tripler –blue line- and the 

bias able 1.47 THz tripler –red line- (bottom). 

IV. FUTURE PLANS AND CONCLUSIONS 

At the time of abstract submission, both 4-pixel sources 

have been initially tested. However, we are still working in 

identifying the best devices to maximize the bandwidth and 

output power per pixel. Most of the pixels meet already the 

requirements for STO-2. Only one of the pixels of the 1.9 THz 
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chain (pixel 4) is low due to a degraded 1.9 THz tripler device 

that we will replace soon. The 1.9 THz LO sub-system has 

been already successfully used in the simultaneous pumping 

of two HEB NbN mixers.  The final stage bias will increase 

the stability of the receiver by controlling the output power of 

each pixel though a feedback loop with the HEB mixer 

currents controlled by the NI-DAQ. 

These LO modules will be the basis for the construction of 

larger array configurations (8 to 16 pixel) for future suborbital 

missions such as the Galactic/Extra-Galactic Ultra-Long 

Duration Balloon Spectroscopic/Stratospheric THZ 

Observatory (GUSTO) (see Fig 4).  For larger number of 

pixels sources we will need to use more efficient multiplying 

structures in order to increase compactness, reduce the overall 

power consumption and reduce assembly and test complexity 

(by decreasing the number of chips).   

 
Fig. 4  Possible configuration for a 16-pixel 1.9 THz LO subsystem using 
vertically stacked thin metal plates. 

 

 

 

For example, we have recently demonstrated frequency 

doublers in the 200 GHz range able to handle more than 500 

mW input power with state-of-the-art efficiency (~25%) (see 

Fig. 5), as well as on-chip power combined structures able to 

increase the power handling capabilities of a single chip by a 

factor of four in the 550 GHz range. These results will be 

discussed, as well as how the inclusion of these new devices 

will simplify the build of 16-pixel sources in these frequency 

ranges. 

 
Fig. 5  Output power and efficiency as a function of input power of a high-
power single-chip 190 GHz doubler recently demonstrated at JPL. 
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Abstract— Schottky diode technology is used for frequency 

conversion and generation in three of the mm-wave and THz 

instruments on-board the European Space Agency’s MetOp-SG 

satellites. The instruments are MWS (MicroWave Sounder), 

MWI (Microwave Imager) and ICI (Ice Cloud Imager). In order 

to ensure the storage and operational life time in addition to 

performance requirements, reliability assessment for the diodes 

is performed well before the fabrication of the instruments flight 

models. This paper presents the thermal characterisation of 

Schottky diodes used in the instruments as a part of reliability 

assessment process. Different multiplier and mixer prototype 

modules have been developed and thermally tested. In addition, 

thermal simulations are also carried out for comparison with the 

measurement results. Furthermore, thermal measurements on 

several identical multiplier blocks are also made that provides 

information on reproducibility of the assembly of discrete RF 

devices from the thermal perspective. Finally, some RF 

measurements are also carried out for comparison to the thermal 

impedance measurement results made on the same block and the 

same diodes. 

I. INTRODUCTION 

Semiconductor technology trends toward smaller, faster and 

more powerful applications which have increased the 

importance of the thermal characterization of such devices. 

Smaller and more powerful are the requirements that imply 

more challenges in the thermal world. Smaller size means 

increased heat flux densities and therefore increased junction 

and die temperatures, leading to accelerated aging and 

thermally induced failures [1]-[3]. Thermal characterisation 

refers to the measurement of the temperature response of a 

device to the internal self-heating [4]. The fundamental 

principle is to determine the junction temperature of the device 

and then calculate the thermal resistance under known input 

power level. In general, a circuit can have several thermal 

resistances (or impedances) and thermal time constants and 

the junction temperature can be given as 

 

𝑇𝐽 = 𝑇0 + 𝑃𝑇𝑅𝜃 ,           (1) 

where 𝑇0 is the ambient temperature, 𝑃𝑇  is the power 

dissipated in the junction and 𝑅𝜃 is the total thermal 

resistance, or often called only the thermal resistance. 

Various thermal characterisation methods are available for 

evaluation of semiconductor devices [5]-[10] however, 

usability and accuracy of these methods depends on the 

measurement conditions and device under test (DUT). In this 

work, we characterise the developed prototypes based on the 

transient current measurement method [11]. However it is to 

be noted that here the measurements are made directly on the 

mixer and multiplier prototype blocks using a single SMA 

connector (for DC biasing) which is an added advantage of the 

measurement setup. 

MetOp-SG is a joint EUMETSAT/ESA programme, which 

provides the next generation polar-orbiting meteorological 

satellites beyond the 2020 timeframe. Several microwave, 

millimeter and sub-millimeter wave instruments using 

Schottky technology are included in the MetOp-SG: MWS 

(MicroWave Sounder), MWI (Microwave Imager) and ICI 

(Ice Cloud Imager). All of these instruments include 

heterodyne receiver channels featuring Schottky diodes 

devices. The multipliers and mixers presented in this paper 

have been developed as a part of the prototype modules for 

these three instruments. They are representative of all the 

Schottky based components required to build 183, 243, 325, 

448 and 664 GHz channels for ICI, and additionally the 166 

and 229 GHz channels for MWI and MWS instruments on-

board MetOp-SG. To build all these multipliers and mixers, 

different substrate types are required, high thermal dissipation 

and low losses, as well as different diodes (varactor and 

varistor) from European diode manufacturers (ACST in 

Germany [12] and Teratech in the UK [13]). 

Thermal impedance measurement as well as thermal 

simulation is extremely important to determine the life time 

testing conditions of these devices, and to evaluate their 

reliability for space operational missions such as MetOp-SG. 

This reliability assessment includes thermal characterisation of 

the diodes which has two goals: first, the determination of the 

maximum temperature during normal operation conditions and 

second, the verification of the sufficient heat flow path in 

order to keep the diodes in the wanted temperature range 

throughout the mission. Moreover, with the ability to make 

measurement of real RF blocks, we can directly compare the 
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thermal impedance measurement results with RF results 

performed on the same block and the same diodes. In addition, 

information on repeatability (in terms of thermal aspect) of the 

assembly of discrete devices can also be obtained. 

II. MEASUREMENT SYSTEM 

Measurement setup for the thermal characterisation of 

prototype blocks consists of a semiconductor parameter 

analyser, a heating oven and a temperature sensor as shown in 

Fig. 1. One port DC-IV measurements are performed in the 

temperature range of 303 K to 353 K with the step of 5 K and 

the transient current measurements are carried out at 303 K. 

All the thermal measurement results presented in this paper 

are performed at this temperature. In this work, we are using 

one channel (see Fig. 1) of the semiconductor parameter 

analyser for I-V characteristics and transient current 

measurements. This is a very important advantage of the 

measurement system because complete I-V and thermal 

properties of the mixer and multiplier blocks can be obtained 

by measuring from only one port (DC bias port) of the 

prototype block. This implies that we do not need to mount the 

diodes to separate module blocks for characterization purpose. 

The parameter analyser is connected to the Remote–sense 

and Switch Unit (RSU), where the current/voltage 

measurement is carried out. The force voltage is supplied from 

one channel of the analyser and the current measurement is 

performed in RSU of the same channel.  

Temperature dependent DC I-V measurements are required 

to generate a current-temperature (I-T) relationship, also 

known as calibration curve. I-T calibration must be performed 

at low power level which can be obtained with appropriate 

selection of the measurement current level. For this work, we 

use 200 μA as the measurement current level (negligible self-

heating effect). For transient current measurement, the DUT is 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Block diagram of the measurement setup, (b) photograph of the 
prototype blocks under test and (c) photograph of the prototype block (inside 

the oven) connected to the Remote-sense and switch unit (RSU) of the 

semiconductor parameter analyser. 

heated for pre-defined time duration with a heating current (9 

mA) which is then abruptly switched to a lower current level, 

also known as measurement current level. This current 

transition is measured as the DUT cools down. The 

corresponding temperature response of the device is then 

obtained from the I-T calibration curve. Finally the thermal 

parameters are extracted by an exponential least square curve 

fitting method with (2) [11]. 

 

 𝑇(𝑡) = 𝑇0 + 𝑇1 × (exp (
−𝑡

𝜏1
)) + ⋯ + 𝑇𝑛 × (exp (

−𝑡

𝜏𝑛
))    (2) 

 

where,       𝜏𝑛 = 𝑅𝜃,𝑛𝐶𝜃,𝑛            (3) 

 

𝑇𝑛 (n > 0) is the level of temperature change related to a 

thermal resistance of a certain part of the device and 𝜏𝑛 is the 

corresponding thermal time constant. 𝑅𝜃,𝑛 is the thermal 

resistance associated to this part of the device, and 𝐶𝜃,𝑛 is the 

corresponding thermal capacitance. 

III. MULTIPLIER AND MIXER BLOCKS UNDER TEST 

Five multiplier blocks and two mixer blocks from RPG Gmbh, 

Germany are tested in this work. The multiplier block M01 is 

a W-band tripler operating between 80 and 92 GHz, featuring 

a GaAs Schottky discrete varactor chip from Teratech with 6 

anodes in series. Details about the circuit can be found in [14]. 

The M02 multiplier block is equivalent to M01 but features a 

4-anodes ACST discrete chip instead. The block M03 is a high 

power 112 GHz doubler using a 4-anodes ACST discrete 

GaAs varactor chip. M06 is a medium power 160-170 GHz 

doubler using a 4-anodes GaAs Schottky discrete varactor 

chip from Teratech. M07 is a high power equivalent to M06, 

featuring a 4-anodes GaAs Schottky discrete varactor chip 

from ACST. All M01 to M07 blocks use a high thermal 

conductivity substrate in order to heat sink the diodes as good 

as possible. 

The Mixer block M17b-1 is a 448 GHz sub-harmonic mixer 

featuring an anti-parallel pair of planar Schottky diodes from 

Teratech. The Mixer block M17b-2 is a 448 GHz sub-

harmonic mixer featuring an anti-parallel pair of planar 

Schottky diodes from ACST.  

IV. MEASUREMENT RESULTS 

A. Thermal Measurements 

All the prototype blocks are characterized thermally using 

the transient current measurement method. The thermal 

response of each block is fitted with the exponential equation 

to extract the thermal parameters such as thermal resistance 

and maximum operating temperature. In this section, we 

present thermal response and extracted thermal parameters 

(see Table I) of the blocks under test. Fig. 2 (a) show the 

temperature response of tripler blocks M01 measured from 

each port. M01 tripler consist of six anodes in series. 

Measurement from port 1 biases three anodes and that from 

port 2 biases other three in series respectively. Measurements 

are made from both the port of the tripler. Fig. 2 (b) presents 

the temperature response of M03 doubler block and Fig. 2 (c) 

shows the measurement results for mixer blocks (M17b-1 and 

Semiconductor 

parameter analyser 

 

Heating oven 

DUT 
Temperature 

sensor 

DC bias port 

port 

DUT 
Heating 

oven 
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(d) 

M17b-2). The time axis is presented in log-scale to better 

demonstrate the dynamic thermal response of the DUT. The 

flow of heat from the diode junction to the local ambient  
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through various thermal stages is exhibited by the plateaus in 

the measured result and is characterized by several thermal 

time constants (Table I). 

Thermal measurements can be used as a tool to check the 

reproducibility of the discrete RF devices. For this purpose, 

three identical multiplier (M07 doubler) blocks with same 

diode types are tested thermally. Here, M07 is a high power 

160-170 GHz doubler using a 4-anodes GaAs Schottky 

discrete varactor chip from ACST. Fig. 2 (d) shows the 

temperature response of these blocks where block 04 seems to 

have slightly higher thermal resistance and peak operation 

temperature compared to block 05 and 06 (see Table I). Some 

small differences in performance may arise from the 

mechanical tolerance and mounting uncertainty but from these 

thermal tests, it is observed that our thermal characterization 

technique can be a good tool to check the reproducibility of 

the discrete devices.   

 

B. RF Measurements 

In addition to the thermal measurements, RF tests are also 

performed for three identical multiplier (M07-04, 05 and 06) 

blocks. Fig. 3 presents the RF results with input power, output 

power and efficiency in the same plot. Comparing the thermal 

and RF results for these three blocks it is observed that the 

block with larger thermal resistance (or peak temperature) has 

smaller output power as well as lower efficiency (from Fig 2 

(d) and Fig 3). In addition, the block with higher leakage 

current also has larger thermal resistance and smaller output 

power and efficiency. 

V. SIMULATION RESULTS AND COMPARISON 

Steady state thermal models have been calculated using 

ANSYS Workbench 14.5. For all calculations a constant heat 

flux was applied to the diode anodes. The substrates are 

thermally connected to a block and the temperature is kept 

constant at 298 K. Convective cooling and radiation has been 

neglected. After charging up the thermal capacities of the 

system, the temperature distribution becomes stationary and 

the thermal equilibrium is reached. 
 

 

Fig. 3. RF measurement results showing input power, output power and 

efficiency for three identical M07 doubler blocks.  
 

(a) 

(c) 

(b) 

Fig. 2. Measured thermal response of the prototype blocks (a) M01, (b) 
M03, (c)  M17b-1 and M17b-2 mixers and, (d) thermal response for three 

identical M07 doubler blocks (04, 05 and 06). 
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Since the thermal resistance is a material property, the 

steady state temperature of the diodes varies on different 

substrates and for different epi and buffer layer combinations.  

The maximum temperature of the diodes along with the 

power dissipation per anode in simulation is shown in Table 

II. The measured thermal resistance of each block and the 

corresponding estimated anode temperature are also given for 

comparison purpose. For block M01 and M02, two values of 

thermal resistance are reported which are obtained by 

measurements from each port as explained earlier in the text. 

It is evident from Table II that the simulated anode 

temperatures are in good agreement with the values obtained 

from measurement. The discrepancy between the simulation 

and measurement results might be explained by the fact that in 

thermal simulation, it is difficult to know the exact anode 

diameter, which significantly affects the hot spot temperature. 

The geometry of the diode is only an approximate in the 

model compared to reality. Hence, the simulation results 

might not be as accurate as the real measurements. 

VI. CONCLUSION 

Thermal characterisation is an important part of the 

reliability tests of semiconductor devices. This is especially  

the case in applications which have to operate a long period of 

time without the possibility of repair or replacement, such as 

satellite instruments. Thermal characterisation method for 

special case of THz Schottky diodes used in MetOp-SG 

satellite mission instruments is discussed. Measurement results 

for different multiplier and mixer block prototypes are 

reported and a comparison to the results from thermal 

simulations of the multiplier blocks is also included. Thermal 

as well as RF tests are also presented for three samples of a 

doubler block with same diode. Thermal characterization 

method used in these test is found to be a good tool for 

reproducibility check for assembly of discrete devices. 

Furthermore, some interrelation between thermal and RF 

measurement results are also observed and may be further 

studied as a field of investigation. 
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  TABLE II 
COMPARISON OF THE SIMULATED AND MEASURED ANODE TEMPERATURE 
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Power / 

Anode, 

Simulated 

(mW) 

Anode 

temperature, 

Tj, Simulated 

(K) 

Anode  

temperature, Tj, 

Estimated (K) 

M01 port 1/port 2 15 354 347/354 

M02 port 1/port 2 23 351 352/356 

M03 30 422 438 

M06 13 347 353 

M07 30 422 396 
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Abstract— We have demonstrated a terahertz (THz) optical 

amplifier based on a 2.9 THz quantum cascade laser (QCL) 

structure. By depositing an antireflective coating on the QCL 

facet, the laser mirror losses are enhanced to fully suppress the 

lasing action, creating a THz quantum cascade (QC) amplifier. 

Terahertz radiation amplification has been obtained, by coupling 

a separate THz QCL of the same active region design to the QC 

amplifier. A maximum optical gain as large as 30 dB with single-

mode radiation output is demonstrated. Furthermore, a THz 

imaging system based on the effect of self-mixing in this QC 

amplifier has also been demonstrated. 

I. INTRODUCTION 

Quantum cascade lasers1 (QCLs), based on the principle of 

light emission driven from electron transitions between 

individual subbands within the conduction band, have been 

proven a good candidate of coherent signal source for many 

applications such as metrology2, imaging3, and also high-

resolution spectroscopy4. In fact such devices have already 

been demonstrated in the master-oscillator power amplifier 

scheme5 as well as a gain-switched amplifier for ultrafast 

pulses6. For the master-oscillator power-amplifier scheme, an 

angled front facet was utilised to minimise facet reflections. 

This scheme is far from optimal, since the angled facet 

deforms the wavefront as well as the beam quality, and as a 

result a severly astigmatic beam is generated. The gain-

switched amplifier scheme was based on the fact that the time 

for turning on the gain of the laser is much faster than the 

build up time for the laser field, where the gain clamping 

effect is avoided. However, this approach would only allow to 

amplify short pulses. So in principle, the straightforward way 

to achieve a quantum casade (QC) amplifier would require a 

proper antireflective (AR) coating on the facet to fully 

suppress the feedback, thus the bare cavity gain could be 

exploited. However, in the terahertz frequency region, due to 

relatively long wavelengths (~100 m) very few materials 

with dedicated refractive indices as well as low absorption 

features, are available to produce optimal AR coatings. Until 

now, two approaches have been demonstrated as the material 

for AR coating on THz QCL structures. In an external cavity 

tuning configuration, SiO2 was implemented as a coating layer 

on the QCL facet, where the facet reflectivity was fully 

suppressed7. However, due to the difficulty with producing 

reliably thick films (>10 m), it has only been realized at 

relatively short wavelengths, 4.7 THz in this case. Moreover, 

parylene C (poly-monochoro-para-xylene) has also been 

characterized as an AR coating layer to enhance the clamped 

gain of a QCL8. In this case, due to non-optimal coating 

thickness, the facet reflectivity of a 2.9 THz QCL was only 

reduced down to about 5%. As a result, the bare cavity gain 

was not achieved due to the residues of the facet reflection, as 

the cavity gain only clamped to the total losses where the 

lasing action occurs. 

In this paper, by fully optimizing the parylene C 

antireflective coating on a 2.9 THz QCL device, we have 

developed a QC amplifier by fully suppressing its lasing 

action. By coupling it with a separate THz QCL, based on the 

same active region design acting as the seeding THz source, 

amplification in THz radiation was observed. We studied the 

gain characteristics of the QC amplifier at different seeding 

intensity levels. Also the output spectra from the device were 

analysed. 

II. MATERIALS AND METHODS 

According to the Fresnel expression, an antireflective layer 

is obtained when its refractive index nAR, and thickness d, 

satisfy the conditions nAR
2=na*nb and d=(2m+1)/4nAR, such 

that the reflection at the interface is suppressed to zero. Here 

the na and nb are the refractive indices for two optical 

materials, m is an integer and  is the wavelength. Since the 

refractive index of a terahertz QCL is about 3.69, the optimal 

choice of the antireflective material holds a refractive index 

~1.9. As a result, SiO2 with a refractive index between 1.9 and 

2.1 depending on the processing conditions, has been selected 

as a suitable AR coating on a THz QCL. As described in Ref. 

[7], an external cavity coupled QCL operating at 4.7 THz was 

2 layer deposited on 

the laser facets, where the lasing action was fully suppressed 

due to the improved facet reflectivity. However, as the 

frequency is reduced, even thicker SiO2, with more than 10 

m is required as the antireflective layer, which is difficult to 

achieve in reality. Consequently, parylene has been shown to 

be a promising AR coating material due to its good thermal 

and mechanical stability together with its low absorption 

feature in the terahertz frequency region8. Despite the fact that 

the refractive index of parylene C is about 1.62, close to the 

optimal value 1.9, the minimal reflectivity from a QCL-air 

interface with an optimal thickness of parylene C coating is 

calculated to be ~2%, which is low enough to overcome the 

material gain with relatively short device lengths. As 

demonstrated in Ref. [8], with a non-optimal parylene C 
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coating, the facet reflectivity was reduced to 5.3% on a 2.9 

THz QCL. Although the laser gain was enhanced from 10 cm-1 

to 16 cm-1, the threshold current was not fully suppressed and 

the lasing oscillation was still observed. In this work, for 

purpose of a terahertz optical amplifier, we have optimized the 

antireflective coating with parylene C at 3 THz, where the 

optimal thickness is calculated to be about 15.5 m. The 

coating deposition was performed by a commercial company 

(Metal Improvement Company, Ireland) with a growth rate 

about 0.2~0.3 m per minute. The layer is applied by vapour 

deposition under vacuum conditions at room temperature, 

such that the parylene condenses and polymerizes on the 

surface of the object in a polycrystalline formation. Three 

devices with the same active region design were fabricated 

and processed for coating deposition with targeting 

thicknesses of 16, 17, and 18 m respectively. At the end, the 

17 m coating device showed fully suppressed lasing action, 

where a 17.7 m actual coating thickness was measured from 

a planer GaAs chip coated during the same process run. The 

other two QCLs still showed weak lasing but with increased 

threshold current and consequently had a decreased dynamic 

range. The discrepancy between the measured thickness and 

the calculated one (15.5 m) might originate from the fact that 

the deposition rate varies on the laser facet compared with the 

planer dummy chip, which at the end results in a thinner 

coating layer on the facet. 

 

 

Fig. 1  Voltage and output intensity as a function of the current density for the 

QC amplifier with (red line) and without (blue dashed line) antireflective 
coating. 

 

The THz QC amplifier sample used for this work is based 

on a 2.9 THz active region material with the bound-to-

continuum design as described in Ref. [10]. 90 repeat periods 

of a GaAs/Al0.15Ga0.85As heterostructure were grown by 

molecular beam epitaxy and the device was fabricated into a 

single plasmon geometry by wet etching and cleaved into a 

250 m wide, 1.33 mm long Fabry-Pérot ridge cavity. All the 

measurements were performed at 4.5 K in a flow-helium 

cryostat and the power was collected by a standard Golay cell 

detector. The voltage and emitted intensity as a function of 

current are shown for the QC amplifier device with and 

without antireflective coating in Fig. 1. As it can be seen, the 

device presents similar current-voltage characteristics, while 

for the current-intensity plots, the coated case shows non-

lasing action. This clearly indicates with an optimal 

antireflective coating on the facet, the enhancement of the 

mirror losses fully suppresses the lasing oscillation, which 

provides a terahertz amplifier at 2.9 THz based on the 

quantum cascade laser structure. 

III. RESULTS AND DISCUSSION 

The QC amplifier was characterized by directly coupling to 

a separate THz QCL, which was fabricated from the same 

batch with the same active region design at a length of 1.82 

mm. As the seeding emitter, the THz QCL was coupled to the 

amplifier face to face by mounting them together on the cold 

plate as shown in Fig. 1, where the transverse-magnetic (TM) 

polarized radiation was directly coupled into the QC amplifier 

cavity. The spacing distance between the seeding laser facet to 

the amplifier facet is ~500 m, which was chosen as a balance 

between maintaining beam coupling efficiency and not 

disrupting the non-lasing condition of the amplifier. Since as 

demonstrated in Ref. [7], a gold mirror as a reflector mounted 

directly in front of the laser cavity with a spacing distance less 

than 200 m could provide enough feedback to the laser 

cavity to tune the frequency. All the measurements were 

performed in pulsed mode with a 10 kHz repetition rate and a 

15% and 20% duty cycle for the QCL and QC amplifier, 

respectively. Slightly longer pulses for the QC amplifier were 

used to ensure the two devices were excited simultaneously 

with maximum overlap. To evaluate the amplification, we 

examined the output intensity from the QC amplifier as a 

function of its driving current, at different seeding intensities 

from the QCL. The seeding intensity from the QCL, measured 

with an unbiased QC amplifier (0 A as shown in the plot), 

increased as a function of its driving current. By keeping the 

QCL bias field constant but varying the driving current of the 

QC amplifier, the output intensity from the device showed 

amplification due to the bare cavity gain from the QC 

amplifier. Evidence of the gain was observed at the current 

above 0.45 A for the QC amplifier, where the device exhibited 

pronounced single-pass amplification behaviour. Above this 

current, the amplification increased as the bias field became 

higher. Small drops of the intensity at lower bias current 

before the amplification were also observed. This could be 

attributed to resonant absorption from the injection level into 

the lower lasing levels in the QC amplifier.  

 

By calculating the amplification 10log(Pout/Pin), we can 

extract the optical gain for the QC amplifier. In Fig. 2, the 

optical gain was plotted as a function of the bias current at 

different seeding intensities from the QCL. As expected, the 

peak gain point from the QC amplifier was obtained at the 

roll-off current of 0.7 A, which corresponded to the roll-off 

current measured before the device was coated. The gain 

region corresponded with the dynamic range of the device 

without the coating as well. Furthermore, the peak gain at each 

seeding power level was summarized in by recording the 

optical gain at the roll-off current as well as the input 

intensities. It can be seen that the peak gain decays 

exponentially with the input intensity. At very low input 
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intensity levels, the peak gain could reach up to ~30 dB; while 

at the maximum seeding input intensity level, the peak gain 

stays at ~1.7 dB. Moreover, by plotting the output intensity of 

the QC amplifier with respect to the input intensity of the QCL 

at the roll-off current, we can clearly see that the output 

intensity linearly increases as a function of the seeding 

intensity. The enhanced intensity also went from 100 mV to 

about 225 mV with the increase of the input intensity, which 

was still lower than value of 250 mV (the output intensity 

measured from the amplifier before coated). This suggestes 

that the QCL amplifier had not yet been saturated. 

 

Fig. 2  QC amplifier output intensity as a function of its bias current at 

different input intensities from the seeding QCL. On the right panel, 

normalized optical gain of the QC amplifier as a function of its bias current at 
different input intensities (blue curve), where on the right axis is shown the 

measured intensity of the QC amplifier without the antireflective coating (red 

cross). 

 

Furthermore, we also applied the QC amplifier based on the 

self-mixing effect in a terahertz imaging system. With the 

optical feedback from the external object to the amplifier 

cavity, stimulated emission was rebuilt, creating an enhanced 

voltage perturbation across the device terminal and leading to 

a prominent self-mixing effect in the QC amplifier. With the 

QC amplifier serving as both the source and the sensor, a 

straightforward with high dynamic range imaging system has 

been achieved. 

 

 
 

Fig. 3  A high resolution image of a hand writing letters of ‘CAM’ on the back 

side of a polyethylene sheet. The pixel size is 100 m*100 m. 

 

IV. CONCLUSIONS 

In conclusion, we have developed a terahertz optical 

amplifier based on a quantum cascade laser structure at 2.9 

THz. Pumped by a separate quantum cascade laser, an optical 

gain as large as 30 dB has been achieved. Furthermore, this 

quantum cascade amplifier was also employed as a self-

mixing element for the terahertz imaging scheme. Fast data 

acquisition rate combined with high dynamic range image was 

obtained. 
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Abstract— We report on the performance of a 4.7-THz local 
oscillator (LO) for the heterodyne spectrometer GREAT 
(German REceiver for Astronamy at Terahertz frequencies) on 
SOFIA (Stratospheric Observatory For Infrared Astronomy). 
The design of the LO and its performance in terms of output 
power, frequency accuracy, frequency stability, and beam profile 
as well as its implementation in GREAT will be presented.  

I. INTRODUCTION 
Heterodyne spectroscopy of molecular rotational lines and 

atomic fine-structure lines is a powerful tool in astronomy and 
planetary research. It allows for the study of the chemical 
composition, the evolution, and the dynamical behaviour of 
astronomical objects such as molecular clouds and star-
forming regions. For frequencies beyond 2 THz, SOFIA, the 
Stratospheric Observatory For Infrared Astronomy, is 
currently the only platform which allows for heterodyne 
spectroscopy at these frequencies. One example is the OI fine-
structure line at 4.7448 THz [1], which is a main target to be 
observed with GREAT, the German REceiver for Astronomy 
at Terahertz frequencies. GREAT is a heterodyne 
spectrometer with four frequency channels at 1.25−1.50, 
1.8−1.9, 2.5−2.7, as well as 4.7 THz [2] and has been 
operational on board of SOFIA since 2010. For all 
frequencies, superconducting NbN HEBs in a waveguide 
structure are used as mixers [3, 4]. Except for the high-
frequency channel at 4.7 THz, the LOs are multiplied 
microwave sources. However, this type of LO is not available 
at 4.7 THz.  

THz quantum-cascade lasers (QCLs) are a promising alter-
native solution. They can provide continuous-wave THz 
emission with high powers and a frequency tunability of 
several GHz. In addition, the intrinsic emission line width can 
be as small as 90 Hz [5]. In the past years, the feasibility of a 
QCL-based LO has been demonstrated by a number of 
experiments [6−9]. However, no such LO has been 
implemented so far in a real instrument. Here, we report on the 
design, implementation, and performance of a 4.7-THz LO for 
GREAT. It is based on a QCL and has been successfully 
operated during three observation flights in May 2014. 

II. DESIGN OF THE LOCAL OSCILLATOR 
The LO is based on a QCL in a compact Stirling cooler 

with low input power. The 4.7-THz QCL is based on a hybrid 

design and has been developed for continuous-wave operation, 
high output powers, and low electrical pump powers [10]. 
Efficient carrier injection is achieved by resonant longitudinal 
optical phonon scattering. This design allows for an operating 
voltage below 6 V. The amount of generated heat complies 
with the cooling capacity of the Stirling cooler of 7 W at 65 K 
using 240 W of electrical input power [11]. The QCL has a 
lateral distributed feedback grating, which is optimized for 
4.745 THz. This yields single-mode emission over most of the 
driving current range of the QCL. Out-coupling is achieved 
through one of the end facets of the single-plasmon 
waveguide.  
 

 
Fig. 1: Scheme of the LO. 

 
The LO consist of an air-cooled mechanical cryocooler 

(model Ricor K535). It is dynamically balanced in order to 
minimize mechanical vibrations. The nominal cooling 
capacity is 7 W at 65 K for an ambient temperature of 23 °C, 
which is reduced to 4 W at 35 K. In order to comply with the 
available space in the GREAT instrument, the cooling fins 
were replaced by custom-made ones, and the fans were 
exchanged. The QCL is attached to the cold finger of the 
cryocooler with a dedicated submount made from copper. The 
output window of the vacuum housing is made from high-
density polyethylene (HDPE). The cryocooler is mounted in a 
dedicated LO box with dimensions of 100×24×21 cm3 with 
part of the cooling fins sticking out at the bottom as shown in 
Fig. 1. In front of the cryocooler, a small plate holds the 
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optical components, in particular a lens made from 
polymethylpentene (PMP, trade mark TPX) for beam shaping. 
The electrical pump power for the QCL is provided by a 
commercial current source (SMU 2400, Keithley Instruments 
Inc.). To achieve a stable temperature, a control loop with a 
temperature sensor mounted closely to the QCL is installed. 
Both, the current source and the temperature controller are 
mounted outside of the LO box. The whole system is operated 
by a computer using a controller and a field-programmable 
gate array (FPGA) mounted inside the LO box and a laptop 
computer, which is connected with the LO via Ethernet, thus 
enabling remote control of the LO.  

III. PERFORMANCE 
The beam profiles of the LO measured with a micro-

bolometer camera [12] at several distances behind the TPX 
lens are almost Gaussian as shown in Fig. 2. Note, however, 
that the beam shape does not correspond to a purely 
fundamental Gaussian mode, although it is almost Gaussian. It 
is rather a superposition of a fundamental mode with higher-
order Laguerre-Gaussian modes. Nevertheless, the beam shape 
complies with the optical requirements of the GREAT 
instrument.  

 

 
 
Fig. 2: Beam profiles of the LO at 300, 373, and 576 mm distance from the 
TPX lens (from left to right). The profiles were measured with a 
microbolometer camera. The width of each snapshot is 4.5 mm and the height 
4 mm. 
 

In order to obtain detailed information about the QCL 
frequency, molecular absorption experiments were performed. 
For this characterization, a 30 cm long gas cell with HDPE 
windows was placed into the LO beam outside of the LO box. 
The transmitted power was measured with a Ge:Ga 
photoconductive detector. By varying the driving current of 
the QCL or its heat sink temperature, the frequency of the 
QCL is tuned across several rotational transitions of CH3OH. 
This results in a fingerprint-like absorption spectrum as shown 
in Fig. 3, where the nonlinear shape of the light-current curve 
of the QCL is removed by subtracting a higher-order 
polynomial. The comparison with a spectrum of CH3OH 
measured with a Fourier transform infrared (FTIR) 
spectrometer and the identification of the observed absorption 
lines allow for a precise frequency characterization of the 
QCL. The emission frequency of the QCL ranges from about 
−4 to +2 GHz around the OI rest frequency as shown in Fig. 3. 

The output power of the LO was measured with a photo-
acoustic power meter (Thomas Keating Ltd.). In the frequency 
range around the OI line, it reaches values up to 0.2 mW. 

 

 
Fig. 3: Absorption spectrum of CH3OH in the vicinity to the OI rest frequency 
(red line). The non-linearity of the light-current curve of the QCL is removed 
by subtracting a higher-order polynomial in order to obtain a flat baseline. The 
black line is a comparison with an FTIR spectrum of CH3OH. This allows for 
a precise determination of the emission frequency of the QCL. 
 

IV. SUMMARY AND OUTLOOK 
The design and the performance of a 4.7-THz QCL-based 

LO for the GREAT heterodyne spectrometer on SOFIA has 
been described. After passing a series of tests, the LO was 
operated during three subsequent flights of SOFIA in May 
2014. All of these flights have been successfully completed, 
which demonstrates the capability of the LO. In the future, the 
single-pixel 4.7 THz channel will be upgraded to a seven pixel 
focal plane array. The described LO is a prototype LO for this 
array receiver. 

ACKNOWLEDGMENT 
The authors would like to thank M. Greiner-Bär and 

K. Rösner from DLR for their technical support. 

REFERENCES 
[1] R. Boreiko and A. L. Betz, “Heterodyne spectroscopy of the 63 µm OI 

line in M42,” Astrophys. J., vol. 464, L83–L86, June 1996. 
[2] S. Heyminck, U. U. Graf, R. Güsten, J. Stuzki, H.-W. Hübers, and P. 

Hartogh, “GREAT: the SOFIA high-frequency heterodyne instrument,” 
Astron. Astrophys., vol. 542, L1 (7 pages), June 2012. 

[3] P. Pütz, C. E. Honingh, K. Jacobs, M. Justen, M. Schulz, and J. Stutzki, 
“Terahertz hot electron bolometer waveguide mixers for GREAT,” 
Astron. Astrophys., vol. 542, L2 (5 pages), June 2012. 

[4] D. Büchel, P. Pütz, K. Jacobs, M. Schultz, U. U. Graf, C. Risacher, H. 
Richter, O. Ricken, H.-W. Hübers, R. Güsten, C. E. Honingh, and J. 
Stutzki, “4.7 THz superconducting hot-electron bolometer waveguide 
mixer,” accepted, IEEE Trans. Terahertz Sci. Technol., Dec. 2014. 

[5] M. S. Vitiello, L. Consolino, S. Bartalani, A. Taschin, A. Tredicucci, 
M. Inguscio, and P. De Natale, “Quantum-limited frequency 
fluctuations in a terahertz laser,” Nature Photon., vol. 6, pp. 525–528, 
July 2012. 

[6] J. R. Gao, J. N. Hovenier, Z. Q. Yang, J. J. A. Baselmans, A. Baryshev, 
M. Hajenius, T. M. Klapwijk, A. J. L. Adam, T. O. Klaassen, B. S. 
Williams, S. Kumar, Q. Hu, and J. L. Reno, “Terahertz heterodyne 
receiver based on a quantum cascade laser and a superconducting 
bolometer,” Appl. Phys. Lett., vol. 86, 244104 (3 pages), June 2005. 

[7] H.-W. Hübers, S. G. Pavlov, A. D. Semenov, R. Köhler, L. Mahler, A. 
Tredicucci, H. E. Beere, D. A. Ritchie, and E. H. Linfield, “Terahertz 
quantum cascade laser as local oscillator in a heterodyne receiver,” 
Opt. Express, vol. 13, pp. 5890–5896, July 2005. 

[8] H. Richter, A. D. Semenov, S. G. Pavlov, L. Mahler, A. Tredicucci, H. 
E. Beere, D. A. Ritchie, K. S. Il’in, M. Siegel, and H.-W. Hübers, 
“Terahertz heterodyne receiver with quantum cascade laser and hot 

T2-2 26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



 
electron bolometer mixer in a pulse tube cooler”, Appl. Phys. Lett., vol. 
93, 141108 (3 pages), Oct. 2008. 

[9] J. L. Kloosterman, D. J. Hayton, Y. Ren, T. Y. Kao, J. N. Hovenier, J. 
R. Gao, T. M. Klapwijk, Q. Hu, C. K. Walker, and J. L. Reno, “Hot 
electron bolometer heterodyne receiver with a 4.7-THz quantum 
cascade laser as a local oscillator”, Appl. Phys. Lett., vol. 102, 011123 
(4 pages), Jan. 2013. 

[10] L. Schrottke, M. Wienold, R. Sharma, X. Lü, K. Biermann, R. Hey, A. 
Tahraoui, H. Richter, H.-W. Hübers, and H. T. Grahn, “Quantum-
cascade lasers as local oscillators for heterodyne spectrometers in the 
spectral range around 4.745 THz,” Semicond. Sci. Technol., vol. 28, 
035011 (5 pages), Feb. 2013. 

[11] H. Richter, M. Greiner-Bär, S. G. Pavlov, A. D. Semenov, M. Wienold, 
L. Schrottke, M. Giehler, R. Hey, H. T. Grahn, and H.-W. Hübers, “A 
compact, continuous-wave terahertz source based on a quantum-
cascade laser and a miniature cryocooler,” Opt. Express, vol. 18, pp. 
10177–10187, May 2010. 

[12] H. Richter, N. Rothbart, and H.-W. Hübers, “Characterizing the beam 
properties of terahertz quantum-cascade lasers”, J. Infrared Milli. 
Terahertz Waves, vol. 35, pp. 686–698, July 2014. 

T2-226TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015









26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 

Fourier phase grating for THz multi-beam local 

oscillators 
Y.C. Luo1, X.X. Liu2,3, D. J. Hayton2, L. Wei4, J.R. Gao*1,2, and C.  Groppi5  

1Kavli Institute of NanoScience, Delft University of Technology, Delft, the Netherlands 
2 SRON Netherlands Institute for Space Research, Groningen/Utrecht, the Netherlands 
3 Microelectronics Department, Delft University of Technology, Delft, the Netherlands 
4 Imaging Physics Department, Delft University of Technology, Delft, the Netherlands 

5 School of Earth and Space Exploration, Arizona State University, AZ, USA 

*Contact: j.r.gao@tudelft.nl (or lycsaber@gmail.com), phone +31-15-2781370 
 

 
Abstract—A Fourier phase grating mirror will be applied to split 

a single, coherent terahertz source beam into multi-beams, which 

are spatially distributed as required for the local oscillator in an 

array receiver. We report on the simulation, design and 

fabrication of a Fourier phase grating at 1.25 THz for generating 

2×2 beams, and the measurements at 1.39 THz as a proof of 

concept study. We find that the characteristics of the measured 

diffraction beams are in good agreement with the model. In 

addition, we present the simulation and design of a grating for 

4×4 beams as required for the GUSSTO’s 4.7 THz local 

oscillator.  

I. INTRODUCTION     

It is known that a Fourier phase grating is able to transform a 

single, coherent beam into multiple beams [1-3]. For a 

reflective grating, the smoothly defined surface structure, 

which is designed based on the Fourier series expansion 

theory, is used to manipulate the phase of the reflected 

terahertz waves in such a way that the multiple beams are 

formed on a detection plane in the far-field [4]. Such gratings 

have so far been demonstrated only up to 1.1 THz [5]. In this 

work, we report a grating for 2x2 beams measured at 1.39 

THz. Our ultimate goal is to demonstrate a grating for 4x4 

beams at 4.7 THz as a local oscillator for the GUSSTO 
(Galactic/Xgalactic Ultra long duration balloon Spectroscopic 

Stratospheric THz Observatory) array receiver to map [OI] 

line.  

    

 
                      (a)                                           (b) 

Fig. 1 (a):Surface topology of one unit cell of a Fourier reflective grating for 

2x2 beams at 1.25 THz. (b):3D profile of the same unit cell as in (a) 

II. FOURIER PHASE GRATINGS   

Fig. 1 shows a designed one unit cell of a Fourier reflective 

grating to produce 2x2 beams at 1.25 THz with a normal 

incident Gaussian beam. 

 

 
(a) (b) 

Fig. 2. (a): Surface topology of one unit cell of a Fourier reflective grating for 

4x4 beams at 4.7 THz. (b):3D profile of the same unit cell as in (a). 

Fig. 2 shows the design for one unit cell of a Fourier reflective 

grating for producing 4x4 beams with a normal incident beam 
at 4.7 THz. 

  

                    

Fig. 3.  Photo of the manufactured grating for producing 4 beams at 1.25 THz. 

Fig. 3 shows a photo of the 1.25 THz grating that consists of 

15×15 unit cells, in which the unit cell size is 2x2 mm. The 
grating was manufactured by a CNC micro mill.   

III. EXPERIMENTAL RESULTS 

Fig.4 shows the experimental setup to characterize the grating. 

We apply a FIR gas laser line at 1.39 THz as the incoming 

beam due to the lack of a suitable source at 1.25 THz. To 
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measure the beams reflected from the grating, we apply a 

pyro-electric detector (detector 1 in Fig. 4) and record the 

radiation intensity by scanning the detector along the detection 

plane. The beams are measured by varying the distance 

between the grating and detection plane and incident angles. 
Fig. 5 shows the measured diffraction beams for three 

different distances. Fig. 6 shows the measured diffraction 

patterns in two different incident angles. The undesired beams 

(modes) can be seen when the angle is 32.5 degree, which is 

too large. For comparison, the simulated diffraction beams at 

different angles are given in Fig. 7. 

 

     

Fig. 4 Schematic setup for characterizing the grating.  

 

                        
                                          (a)                                                 

                   
                                          (b) 

                   
                                         (c) 

Fig. 5 Measured diffraction beam patterns at 1.39 THz for three different 

grating-detector distance: (a): 12cm (b):17cm (c): 22cm. All are with an 

incident angle of 25 degree.  

 

 
(a) (b) 

Fig. 6 Measured diffraction beam patterns at 1.39 THz for two different 

incident angles. (a) 25 degree, (b) 32.5 degree. 

 
                  (a)                                       (b) 

 
                  (c)                                      (d) 

Fig. 7. Simulation results when different incident angles have been 

introduced, (a) normal incident (b) 25 degrees (c) 32 degrees (d) 41 degrees. 

IV. SUMMARY 

We succeed in obtaining four diffraction beams at 1.39 THz as 
designed and we also find the measurement results agree well 

with the simulations when the incident angle is taken into 

account. We are currently manufacturing the 4.7 THz grating. 

Furthermore, the grating has been applied as the local 

oscillator for operating a 2x2 HEB array at 1.4 THz [6]. 
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Abstract— At NASA-JPL and Caltech, we have been developing 

antenna array coupled TES bolometers in anticipation of a next 

generation Cosmic Microwave Background (CMB) satellite 

mission, and have deployed these detectors to a variety of 

suborbital experiments to verify this readiness.  BICEP-2 and 

Keck Array have used these detectors to form some of the 

deepest maps (57 nK-deg) of the CMB’s polarization at 150GHz.  

We have recently upgraded Keck Array to diversify our 

observed colors to include 1024 220GHz detector (for 2015 

observing season) and 576 detectors at 95GHz (for 2014-15 

observing seasons).  We have deployed the 95GHz BICEP-3 

telescope to the South Pole Station and recently started 

observations (2015) with 1152 detectors and we will upgrade this 

in 2016 for a total of 2560. SPIDER flew for a 17 day Antarctic 

flight in 2016 with 864 95GHz detectors and 1536 150GHz 

detectors.  I will report on the status of this technology, these 

recent deployments, and extensions into additional frequency 

channels currently under development. 
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Abstract— The Atacama Cosmology Telescope Polarization 
instrument (ACTPol) and its successor Advanced ACTPol 
(AdvACT) are millimetre wave polarimeters optimized for 
measurement of the Cosmic Microwave Background (CMB).  
These instruments incorporate several novel technologies 
including:  metamaterial antireflection coated silicon lenses; 
continuously rotating metamaterial silicon half wave plates; and 
multichroic horn coupled polarimeter arrays.  These technologies 
are designed in concert to accommodate operation over wide 
bandwidth with high efficiency and excellent control over 
systematic effects.  In these proceedings we review the scientific 
goals of these projects, describe these technologies, and a present 
a preliminary look at the on sky performance of the first 
deployed multichroic CMB polarimeter. 

I. INTRODUCTION 
To be completed before the conference. 

II. INSTRUMENT DESCRIPTION 
A. Multichroic Detector Arrays 

B. Metamaterial Antireflection Coated Silicon Lenses 

C. Metamaterial Silicon Half-Wave Plates 

D. Broad-Band Window 
 
 

III. ON SKY PERFORMANCE 
 

IV. CONCLUSIONS 
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Abstract—NIST produces large-format, dual-polarization-
sensitive detector arrays for a broad range of frequencies
(30-1400 GHz). Such arrays enable a host of astrophysical
measurements. Detectors optimized for cosmic microwave back-
ground observations are monolithic, polarization-sensitive arrays
based on feedhorn and planar Nb antenna-coupled transition-
edge superconducting (TES) bolometers. Recent designs achieve
multiband, polarimetric sensing within each spatial pixel. In
this proceeding, we describe our multichroic, feedhorn-coupled
design; demonstrate performance at 70-380 GHz; and comment
on current developments for implementation of these detector
arrays in the advanced Atacama Cosmology Telescope receiver.

I. INTRODUCTION

Cosmic microwave background (CMB) observations have
been instrumental in forming the standard model of cosmol-
ogy. Yet this model is thought to be incomplete as it raises sev-
eral profound questions about the formation, constituents, and
current expansion of the cosmos. Polarization measurements of
the CMB are a known way to probe these questions [1] as they
constrain cosmic inflation, the growth rate of structure, and
neutrino physics. Experimental progress in this field is rapid.
First detections of CMB B-mode polarization at both large
and small angular scales having been reported [2]–[4] as have
high-precision measurements of E-mode polarization [5]–[7].
However, furthering our understanding of cosmology through
CMB polarization measurements requires next-generation po-
larimeters of increased focal plane sensitivity and spectral
coverage.

Large arrays of polarization-sensitive detectors are an en-
abling technology for current and next-generation CMB exper-
iments, and several architectures exist [8]–[10]. This proceed-

Contribution of NIST not subject to copyright.

ing concerns a NIST-developed technology based on mono-
lithic arrays of multiplexed transition edge superconducting
(TES) bolometers that are feedhorn-coupled [11]. Feedhorns
have heritage in CMB satellite missions from COBE to
Planck. Our silicon platelet feedhorn technology [12] enables
a scalable, feedhorn-coupled approach, which achieves high-
sensitivity while simultaneously maintaining the systematic
error advantages of defining polarized beams with corrugated
feeds. Detectors of this architecture have been instrumented
in several ground-based experiments [13]–[16] and have been
proposed for use in the Japanese CMB satellite mission Lite-
BIRD [17]. This concept is also the baseline for the focal plane
of the recently proposed European satellite mission CoRE+
[18].

Our initial designs were single-frequency, and have been
described in a series of papers [11], [19]–[21]. We have since
expanded the design to realize single-mode detection in two
frequency bands within one spatial pixel [22], [23], which
increases both the sensitivity and spectral resolution of cam-
eras that make use of these multichroic detectors. Arrays of
90/150 GHz dichroic detectors have now been implemented in
ACTPol [15], which marks the first ever multichroic detector
array to be deployed on a CMB experiment.

In Sec. II, we review the multichroic design, which is
scalable in frequency up to 682 GHz, the superconducting gap
of niobium. We note that the development of dual-polarization
sensitive detectors that operate up to 1400 GHz, based on
microwave kinetic inductance detectors (MKIDs), are dis-
cussed in separate work in these proceedings [24]. In Sec. III
we present measurements from 80-380 GHz that characterize
the performance of the multichroic detectors. In Sec. IV we
comment on current development items for implementation in
Advanced ACT, the third-generation receiver for the Atacama
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Fig. 1. Multichroic, feedhorn-coupled detector architecture. Left: A silicon platelet, corrugated feedhorn array defines the angular response of detectors. The
feeds have 2.4:1 bandwidth. Middle: TES-based, polarization-sensitive detector array deployed on ACTPol for dual-band operation at 90 and 150 GHz. Right:
Dichroic pixels include an ortho-mode transducer, microstrip filters, microwave hybrids and TES bolometers.

Cosmology Telescope.

II. DESIGN

Fig. 1 illustrates the feedhorn-coupled, multichroic array
architecture. A 150 mm diameter feedhorn array couples light
from telescope foreoptics. Orthogonal components of linear
polarization launch onto separate, superconducting mm-wave
transmission lines by use of a planar ortho-mode transducer
made of Nb. We partition the broadband frequency content
from the waveguide into two frequency bands with a diplexer
and 5-pole, quarter-wavelength microstrip filter made of Nb
and SiO2 insulator. Changing the length and the width of
each microstrip stub tunes the observation passband center
frequency and width respectively. Implemented designs have
center frequencies at 90 and 150 GHz or 230 and 340 GHz,
each with ∼ 30% fractional bandwidth. We achieve mode-
cleaning by use of a microwave hybrid [25], which routes
power from the lowest order waveguide mode to a Au resistor
placed on a transition edge superconducting (TES) bolome-
ter. Higher order modes dissipate on the substrate. We use
separately optimized hybrids for each band. In this manner,
the designed pixel achieves polarimetric sensing over a 2.3:1
bandwidth ratio.

This design allows the TES bolometer to be separately
optimized from the optical coupling approach, to meet the re-
quirements of a specific experiment. We control the saturation
power (Psat) of the bolometer by the geometry of the thermally
isolating silicon nitride legs, and values suitable for ground-
based or satellite-based observations have been demonstrated
with noise consistent with fundamental limits [26]. Mo/Cu
bilayer TES bolometers with transition temperatures (Tc) over
the range 100-500 mK have been implemented in CMB
experiments. This Tc range enables the use of several cooling
technologies (ADR, dilution refrigeration, 3He sorption). The
impedance of these devices is well suited to time domain
SQUID multiplexing [27] or microwave SQUID multiplexing
[28]. We have also deployed ∼ 1 Ω TES bolometers made of
an Al:Mn alloy [29] in SPTpol. This impedance couples well
to frequency division multiplexing [30]. Future TES arrays
will be based on Al:Mn alloys and are discussed below.

The arrays are fabricated in the NIST, Boulder Microfab-
rication Facility using standard micro-lithographic techniques.

Antennas, transmission lines, passband filters, microwave hy-
brids and TES bolometers are integrated onto a single detector
wafer, which improves manufacturing scalability. All arrays to
date have been fabricated on 75 mm diameter silicon wafers.
Future arrays will be fabricated on 150 mm silicon wafers.

III. RESULTS

We demonstrate the basic functionality of multi-band,
feedhorn-coupled detectors in single pixels with detection at
90 and 150 GHz, and at 230 and 340 GHz. Fig. 2 demonstrates
on-chip frequency selection. The 90 GHz and 150 GHz bands
are measured by use of the spatial pixel displayed in Fig. 1, and
the 230 GHz and 340 GHz are measured by a frequency-scaled
version of the 90/150 GHz dichroic detector. We perform the
measurements with a Martin-Puplett type Fourier transform
spectrometer that couples to the horn/detector package by use
of beam filling reflective optics. The cryostat optical access
contains PTFE and nylon thermal filters to block infrared light.
These three filters have single-layer anti-reflection coatings
optimized at ∼ 120 GHz, and the data show evidence of
fringing above 200 GHz.

90# 150#

220#

90/150# 220/350#

Fig. 2. Measured observation passbands defined with on-chip filters. The
90 GHz and 150 GHz bands are detected in a single spatial pixel. The 230 GHz
and and 340 GHz passbands are detected in a separate, frequency-scaled
spatial pixel.

Fig. 3 shows the 2D angular response pattern of the in-
tegrated silicon feedhorn and 90/150 GHz detector pixel in
both polarizations and in both bands. We acquire the data by
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90 GHz

150 GHz

Fig. 3. Angular response of Si platelet, horn-coupled 90 and 150 GHz
dichroic detector measured in a cryogenic system. Both X and Y polarization
beams plotted on a linear color scale are shown in both bands. Contours are
fits to a 2D Gaussian profile, and the stated σx,y within each plot are the
Gaussian beam waists in orthogonal directions.

raster scanning a chopped thermal source on a flat plane in
front of the cryostat window. We correct for flat mapping. The
displayed contours are fits to 2D Gaussian profiles. Using the
entire data-set, peak residuals to the Gaussian fits are ∼ 4%.
We list the fitted Gaussian beam waists σx,y in orthogonal
directions within each plot. This measurement demonstrates
that the beams are circularly symmetric and well-matched in
polarization, which is of considerable importance for a pair-
differencing detection scheme. [31], [32].

The changing beam waist with frequency due to diffraction
illustrates the limitation of a multichroic approach. Frequency
bands that share a common aperture cannot optimally match
telescope foreoptics. We note that 2:1 bandwidth divided into
two sub-bands provides nearly optimal mapping speed for an
array in both bands, and that mapping speed for additional
bands falls off quickly with increasing bandwidth [23]. For this
reason, we developed 2:1 bandwidth ratio dichroic pixels. A
255-element (1020 TES) array of 90/150 GHz pixels has been
fabricated and deployed on ACTPol, with first observations of
this multichroic array taking place in early 2015.

IV. ON-GOING AND FUTURE WORK

Near-term efforts focus on scaling the technology in fre-
quency and in wafer size for implementation in Advanced
ACT (AdvACT), a third generation receiver for the Atacama
Cosmology Telescope. The planned instrument consists of
dichroic arrays at 30/40 GHz, 90/150 GHz and 150/220 GHz
with a total of 5,792 TES bolometers. Using the measured
on-sky detector sensitivity from the first season of ACTPol
observations [5], we project that the AdvACT instantaneous
sensitivity to temperature will be 5.4 µKcmb

√
Hz at 150 GHz.

Significant increased sensitivity per unit focal plane array
and simplified array assembly motivate scaling the detector
wafer size to 150 mm. Spatial uniformity across the entire
wafer size for all material depositions is key. Of particular
importance to TES fabrication is uniformity in transition
temperature Tc. By use of a 2000 ppm Al:Mn alloy, we find
Tc = 142 mK, which is near the target value for AdvACT
and is uniform across the 150 mm wafer to 1% (see Fig. 4
left panel). Furthermore, we fabricated TES bolometers using
these Al:Mn films as the sensor material and find noise
consistent with thermal fluctuation noise (Fig. 4 center and
right panel).

In the full, optically coupled pixels, we expect an im-
provement in coupling efficiency by switching the microstrip
dielectric material from SiO2 to SiN. Previous fabrications
with SiO2 showed non-negligible dielectric loss and deposi-
tion variability of the relative permittivity, which shifts the
passband away from the designed band. Initial measurements
of SiN deposited dielectrics, based on the technique described
in [33], suggest that the absolute dielectric loss is 1%/mm of
transmission line at 150 GHz, with lower variability in the
relative permittivity as compared to SiO2. We are currently
fabricating an array of 150/220 GHz detectors to explore the
performance of these design, fabrication and material changes.
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Abstract—Mapping the polarization of the Cosmic Microwave
Background is yielding exciting data on the origin of the universe,
the reionization of the universe, and the growth of cosmic struc-
ture. Kilopixel arrays represent the current state of the art, but
advances in detector technology are needed to enable the larger
detector arrays needed for future measurements. Here we present
a design for single-band dual-polarization Kinetic Inductance
Detectors (KIDs) at 20% bandwidths centered at 145, 220, and
280 GHz. The detection and readout system is nearly identical to
the successful photon-noise-limited aluminum Lumped-Element
KIDs that have been recently built and tested by some of the
authors. Fabricating large focal plane arrays of the feed horns
and quarter-wave backshorts requires only conventional precision
machining. Since the detectors and readout lines consist only of
a single patterned aluminum layer on a SOI wafer, arrays of the
detectors can be built commercially or at a standard university
cleanroom.

I. INTRODUCTION

Measurements of the polarization anisotropies of the Cos-
mic Microwave Background (CMB) radiation are revealing
information about cosmic inflation [1], re-ionization [2], and
the large-scale structure of the universe [3]. Since current
instruments are photon-noise limited, and already have ded-
icated observatories with months or years of integrating time
available, moving forward to the next generation of CMB
measurements will require larger detector arrays of devices
that still maintain the high optical performance of currently
deployed instruments.

The highly multiplexed readout and ability to fabricate large
numbers of detectors on a single wafer make kinetic induc-
tance detectors (KIDs) natural candidates for large detector
arrays. Among other KID-based instruments, NIKA [4] has
already successfully observed and published science results
at 140 GHz and 240 GHz, which are frequencies ideal for
CMB measurements. Also, in lab testing some of the authors
have demonstrated single-polarization KIDs, with high optical
efficiency and photon-noise limited performance down to low
optical loading levels [5]. These successes motivate dual-
polarization KID detector designs for future CMB instruments.
The ideal pixel in a detector array for this application would

have a single feed with detectors each sensing one of multiple
passbands, and would also have another identical set sensing
the other polarization. In this paper, we consider a more
straightforward single-band dual-polarization design.

II. DESIGN

This detector architecture is designed to enable large arrays
of sensitive single-band detectors that can be fabricated com-
mercially or at facilities widely available at universities. The
feed horns for an entire array module will be machined on
a single metal part using direct drilling. A second metal part
will form the array of backshorts and hold the detector wafer
for the array. It will be precisely registered to the horn array
using standard alignment pins. Finally, the detector wafer will
also contain the readout lines, and the KID architecture allows
a large number of detectors to be read out with a single RF
coax and low-noise amplifier.

A smooth walled circular feed horn will couple the incident
light onto a circular waveguide and then onto the detectors.
Smooth walled circular feed horns can be designed with
a profile that launches a circularly-symmetric tapered beam
with low cross-polarization. They are also straightforward to
fabricate using direct drilling with a custom tool made to
create the profile. Measurements at 700 GHz of horns made
with this approach show good performance [6]. The cutoff of
the circular waveguide section below the horn will define the
lower edge of the detector’s passband. The upper edge will be
defined by installing a lowpass filter directly above the detector
array [7].

The light will be coupled onto aluminum lumped-element
KIDs (LEKIDs) [5]. The detectors demonstrated in the paper
were fabricated commercially, since they consist only of a
single layer of aluminum deposited on a substrate. The lumped
elements used to form the readout resonator allow the readout
frequencies of the detectors to lie in the RF, around 1 GHz,
which enables readout using standard microwave electronics.
For the purposes of this abstract, we are only modeling the
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Fig. 1. Drawings of the 145 GHz pixel. A 3D view of the HFSS drawing is shown in the center, and a cross-section (not to scale) is shown in the left. The
top is a waveguide section (a feed horn will be above, and is not shown in this simulation). The silicon layer of the SOI wafer is below it, through which the
aluminum LEKIDs are back-illuminated. A quarter-wave backshort is below. A 100 micron air gap allows the detector wafer to be mounted between the top
and bottom metal structures, and a waveguide choke is used to prevent light from leaking through this gap. The right shows a top view of the absorber/inductor
portion of the LEKID detector pair for a single device.

inductor/absorber portion of the detector. We will subsequently
modify the existing capacitor and readout architecture.

The detectors are fabricated on a chip. We will use a silicon-
on-insulator (SOI) wafer as the chip, which will allow us
to put the aluminum absorbers on the thin silicon layer and
etch away the rest of the wafer behind the optically-active
region. We will leave the rest of the wafer at its full handle
thickness, enabling a robust mechanical mount of the wafer in
the horn assembly. Even with the thin silicon, there will be an
air gap between the horn array and the backshort array. That
airgap would let radiation leak out, causing a loss in optical
efficiency and possibly inducing optical cross talk between
devices in the detector array. To prevent this, we will fabricate
a circular groove around each waveguide, forming a choke
joint. A standard precision end mill can machine this feature.
A cross section view showing the waveguide, backshort, and
choke is shown in Figure 1. The electrical length from the
choke to the waveguide is such that it reflects most of the
leaking radiation back into the detector cavity for absorption.

We simulated the optical efficiency from the base of the horn
through to the absorption onto the detector using HFSS. The
layout of the inductor/absorbers is shown in Figure 1. They
are 2 micron linewidth aluminum traces, which we model as
having a surface impedance of 4 ohms per square informed
by earlier measurements of the single-polarization devices.
After fixing the dimensions of the absorbers, the airgap, and
the waveguide diameter, we used the Matlab API for HFSS
to calculate the optical efficiency across the passband for
many design parameter values. The parameter sweep was over
the choke location, choke width, choke depth, and the depth
of the backshort. Each individual simulation takes several
minutes, so it takes days of workstation time to generate
the hundreds of simulations needed to explore the parameter
space. The simulated optical efficiency of both detectors for
a 20% bandwidth device centered at 145 GHz is shown in

100 130 160 190 220
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A
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Fig. 2. Simulated optical efficiency of the 145 GHz design. The solid
lines show the power absorbed in the A- and B-polarized detectors. The
waveguide section prevents light below the cutoff frequency from being
absorbed, defining the lower band edge. The dotted lines show the absorption
after multiplying by a nominal edge filter which will be installed to define
the upper band edge.

Figure 2.

III. SCALING THE 145 GHZ DESIGN TO HIGHER
FREQUENCIES

The CMB anisotropy signal peaks near 150 GHz, and our
design for a 145 GHz device looks promising. However, the
desire to remove foreground contamination motivates obser-
vations at nearby frequency bands as well. Since the detection
mechanism of KIDs is breaking Cooper pairs, a 90 GHz alu-
minum LEKID device would be marginal because the photons
are only marginally energetic enough to be detected. Going to
lower frequencies would require switching to a superconduc-
tor with a lower transition temperature than aluminum, and
therefore more weakly bound Cooper pairs. However, higher
frequency designs are possible with aluminum, which would

T3-4 26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



100 150 200 250 300 350
[GHz]

10

0

10

20

30

40

50

60

70

80

90

100
%

Optical Efficiency of 145 GHz, 220 GHz, and 280 GHz Devices

A
B
A - B
Atmosphere

100 150 200 250 300 350
[GHz]

0

1

2

%

Cross-Polarization and Wafer Leakage

A
B
Wafer Leakage

Fig. 3. Performance of the three single-band detector designs. The top panel
shows the passbands of the A and B detectors of each of the three devices, and
the AB spectral mismatch, corrected for the slight gain difference between the
two devices, is shown in green. A model of atmospheric transmission (from
the ALMA sky model) is also shown. The bands avoid the strong atmospheric
absorption lines near 120 GHz, 180 GHz, and 320 GHz. The bottom panel
shows the cross-polarization, which is below 2 percent for every device. The
light leaking through the airgap onto all four (or six for a hex-packed array)
nearest-neighbor detectors is shown in green, so the optical cross-talk between
a single pair of devices would be a factor of 4 or 6 smaller than the line shown.

enable this technology to be used for observations of galactic
dust that is thought to be a dominant foreground for CMB
polarization measurements. Higher frequency observations are
also used for studies of secondary anisotropies like the SZ
effect.

We scaled the 145 GHz design up to 280 GHz. Because the
linewidth of the aluminum absorbers cannot be scaled smaller
than the 2 microns used in the 145 GHz design, and because
we switched to a 10 micron silicon layer thickness for the
280 GHz design, we performed a second parameter sweep
to optimize the 280 GHz design. We also scaled the design
to 220 GHz, with a 20 micron silicon layer, and performed
another optimization sweep there. The spectral performance
for all three single-band devices is shown in Figure 3.

The optical efficiency of the devices at all three bands is
calculated to be very high, which motivates finalizing the
wafer design and moving towards optical testing. The spectral
matching between the A and B detectors is good, within ±1%
across the entire band in the 145 GHz, ±4% for the 220
GHz device, and ±2% for the 280 GHz device. The cross
polarization is below 2% in all devices. The total light leaking
through the air gap is roughly 1%. Since this leakage is going
onto all four nearest neighbor pixels, or six in the case of a
hex-packed array, the approximate optical cross talk between
a pair of pixels is a factor of 4 or 6 smaller, i.e. smaller than
1%.

IV. CONCLUSIONS

We presented a design for a single-band dual-polarization
detector that could be used in large detector arrays for CMB
measurements. The device is simulated to have high optical
efficiency, good spectral matching between the two polarized
detectors, and low cross polarization and optical cross talk.
The devices could be fabricated commercially, with the wafers
made at a device foundry and the horns and backshorts made
at a precision machine shop. Also, many universities have the
cleanroom facilities and precision milling machines needed for
the fabrication. Future work will include finalizing the design,
choosing a feed horn design, and fabrication and initial testing
of a small array of devices.
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Abstract—An MKID focal plane array has been designed
for LiteBIRD, which is a future satellite to probe B-mode
polarization of cosmic microwave background radiation. Octave-
band corrugated horn arrays and planar OMTs are designed for
the feed. Three kinds of feed modules detect photons from 55
GHz to 330 GHz with 6 frequency bands. This focal plane array
consists of 2780 MKID detectors.

I. INTRODUCTION

L ITEBIRD is a future satellite mission for probing B-mode
polarization of cosmic microwave background radiation

(CMB) to study the cosmological inflation [1]. The science
goal of LiteBIRD is to measure the tensor-to-scalar ratio
r = 0.002, with 2σ sensitivity. It surveys all-sky with linear
orthogonal polarization from 55 GHz to 330 GHz with 6
frequency bands (Table 1). Its optics is modified Mizuguchi
Dragon reflectors with the aperture diameter of 450 mm and
field-of-view (FoV) of ±15 degrees [2]. LiteBIRD is planned
to be launched in the early of 2020th by JAXA.

High sensitivity, high beam qualities, and broadband ca-
pability are required for the focal plane array. The detector
noise is less than CMB photon noise. The stability or 1/f
knee in the noise spectrum is longer than the modulation
period of the continuously rotating achromatic halfwave plate
[3]. For polarization observations, differential beam shape and
differential pointing from the feeds are critical as well as beam
shape and cross polarization of each pixel[4]. The TES option
of the focal plane array with broadband sinuous antenna and
lens has been also proposed for LiteBIRD[5].

II. MKID
Microwave Kinetic Inductance Detector (MKID) is a

Cooper-pair breaking photon detector, which consists of super-
conducting micro-resonators[6]. The resonators with slightly
changing their center frequencies (∼ GHz) enable frequency
multiplexing. No bias line is required, so many pixels camera
is easily realized. Because of a kind of quantum detector
using Cooper-pair breaking, MKID is relatively robust over
temperature variation and microphonic interferences.

We made antenna-coupled 1/4 wavelength CPW MKIDs
similar as the one developed by SRON/TU Delft [7]. The dark
noise equivalent power (NEP) has been measured to 5×10−18

W/
√
Hz [8].

A 600 pixels 220 GHz MKID camera with Si lens array has
been developed [9]. Double slot antenna and1/4 wavelength

CPW MKIDs with Al 50 nm thickness are patterned on a
high resistivity Silicon substrate (t = 300µm). The Si lens
array and mixed-epoxy anti-reflection coating (ARC) have
been machined by a high-speed spindle with ceramic endmills
in the mechanical engineering shop of NAOJ[10]. The lens
diameter and the lens spacing are 1.2λ [11], which is coupled
to an F#1 focus [12] .

III. CORRUGATED HORN ARRAY AND PLANAR OMT

Corrugated horns have been widely used for CMB obser-
vations and millimeter astronomy due to their excellent beam
properties. The near side-lobe level is less than -30 dB and the
cross polarization level is less than -30 dB. For polarization
observations, differential beam pointing or beam squint is
critical. The beam shape of a conical horn is determined by
the metal wall, so the differential pointing of dual polarizations
coincides in a first order of approximation. On the other hand,
differential pointing of the lens coupled antenna is determined
by the alignment between the lens and the planar antenna.

Although corrugated horns have some merits compared to
lens feeds, there are two demerits: larger fabrication costs of
a horn and its narrow bandwidth. Corrugated horn arrays have
been developed for a focal plane array with stacked plates
[13], [14], [15]. Horn coupled MKIDs have been developed
[16], [17].

We designed a broadband corrugated horn as shown in Fig.
1. It has been directly machined from an Aluminum block by
the machine shop of NAOJ. The beam pattern was simulated
with HFSS and CST softwares. A prototype of this direct
machined horn array was confirmed to has a good beam shape
and low cross polarization from 120 - 270 GHz.

OMTs have been used for polarization observations. Waveg-
uide OMTs have been developed for ALMA receivers [18],
but it was bulky for array detectors. A planar solution for
array detectors has been demonstrated by [19], which can also
suppress higher modes of a circular waveguide with 180 degree
hybrid [20]. Octave bandwidth with a corrugated horn and a
planar OMT has been demonstrated for ACT pol[21].

We designed a planar OMT on an SOI (Silicon-on-isulator)
wafer for the horn array. The SOI wafer has 6µm thick device
layer, 1µm thick SO2 layer, and 400µm thick handle layer. A
prototype has been designed to cover frequencies from 80 GHz
to 160 GHz and has two frequency bands separated with planar
bandpass filters, which will be tested on a ground telescope.
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Fig. 1. A schematic drawing of a corrugated horn array and its beam pattern
simulation. The horn diameter is 8 mm.

IV. FOCAL PLANE

A focal-plane with MKIDs is designed with corrugated
horns as shown in Fig. 2. Each hexagonal module has a
diameter of 150 mm. It is optimized to the telecentric focal
plane of modified Mizuguchi - Dragon reflectors of LiteBIRD
[2]. It consists of three frequency modules as tabulated in
Table 1. Each horn has an octave bandwidth and detects two
frequency bands with two planar bandpass filters.

The direct machined horn array has several merits. It is
possible to reduce stray lights from finite temperature of 4
- 10 K loads of the cold aperture stop and gaps of the

Fig. 2. Conceptional design of an MKID focal plane array with direct
machined corrugated horn arrays for LiteBIRD

reflectors. It also reflects these radiation with emissivity of
∼ 0.03, so the radiative heating for this large area is kept to be
enough low (∼ 0.1µ W). Unnecessary parts of the Aluminum
horn block are reduced to decrease the weight of the horn
array. The Aluminum horn block plays an important role of
superconducting electromagnetic shield of MKIDs at 0.1 K.

Schematic diagram of the MKID focal plane is shown in Fig.
3. Ten low noise amplifiers corresponding to each module are
installed on the 20 K stage. Coaxial low pass filters (LPF) (eg.
[22]) reduce stray lights from warm stages, which may break
Cooper pairs.

V. TECHNICAL CHALLENGES

There are several technical challenges for this focal plane
array. Al-MKID has been already demonstrated to have high
performance [23], however, lower frequencies than the gap
frequency of 90 GHz has not been demonstrated with NEP
around 10−18 W/

√
Hz. MKIDs work at higher frequencies

than the gap frequency νg which is derived from the transition
temperature Tc of a superconductor with the BCS theory.

ν > νg =
2∆

h
=

3.5kBTc

h
= 73[GHz]

Tc

1K
. (1)

MKIDs have low NEP at the bath temperature Tb less than
Tc/7 [8]. With the bath temperature of 100 mK of LiteBIRD,
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TABLE I. AN MKID FOCAL PLANE DESIGN OF LITEBIRD.

Pixel Pixel module detector low high BW
[mm] Num Num Num GHz GHz %

Low 24 36 5 360 55 77 33%
360 78 108 32%

Mid 16 61 4 488 80 113 34%
488 117 160 31%

High 8 271 1 542 165 227 32%
542 233 330 34%

0.1K

1K
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20K
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300K
Readout Electronics

LPF LPF

ISO

ISO

CLNA

LNA

Att

Fig. 3. Block diagram of an MKID focal plane array for LiteBIRD

an appropriate material of Tc = 700 mK is required to detect
lower frequency bands.

νg = 51[GHz]
Tb

100mK
. (2)

A promising candidate is a multilayer TiN/Ti/TiN film,
where Tc is controlled with layer thickness [17]. It is noted that
NEP of TiN film is improved with higher radiation powers[24].

Stability of the detectors or low frequency 1/f noise is
also important for CMB observations. Common mode noise
of MKIDs can be subtracted. Current baseline design of
LiteBIRD uses a rotational half-wave plate [3], which will
mitigate this requirement.

High energy particles or cosmic rays in the satellite orbit
cause glitches with various time scales in the detector [25].
These events are potential dead time of the detector. Some
techniques have to be developed to mitigate them.
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Abstract— We present the latest developments on high sensitivity 
silicon bolometers for (sub)-millimeter astrophysics. Based on the 
same detectors developed for Herschel-PACS, the submillimeter 
wide-field camera ArTéMiS has been successfully commissioned 
at 350 µm on APEX. Results show that it is 5 times faster than 
the previous instrument (Saboca) in terms of mapping speed. The 
next generation of all-silicon detectors is under development in 
our group. They work at 100 mK and are able to reach NEP’s 
around 10-18 W/√Hz. Their versatile design enables them to cover 
the submillimeter to millimeter range. These new detectors are 
polarization sensitive and can measure directly and 
simultaneously the Stokes parameters I, Q and U. 

I. SILICON BOLOMETERS FOR PACS AND ARTEMIS 
Resistive bolometers have been used with success in (sub)-

millimeter astronomy for several decades now. Many 
instruments (like SCUBA [1], MAMBO [2], SPIRE [3], 
Planck HFI [4] or LABOCA [5] to name a few examples) 
using such detectors have made significant scientific 
breakthroughs in the understanding of star formation 
processes, galaxy evolution or cosmology. Our group has 
developed the PACS [6] imaging photometer aboard the 
Herschel Space Observatory, using such resistive bolometers. 
It was designed to operate in the 70 to 210 microns band, and 
it was the most used instrument of Herschel during its lifetime 
(60% of the scientific time between 2009 and 2013). 

The bolometers used for PACS are high-impedance sensors 
(a few 100 GΩ) that are silicon micromachined. The 
thermometers are made of silicon doped with phosphorous and 
boron and follow the Efros-Shklovskii variable range hopping 
model for the electrical conductivity. The arrays are composed 
of 256 bolometers, they work at 300 mK and are multiplexed 
(16 to 1) via CMOS readout electronics. The typical NEP for 
PACS in the 60 – 130 microns band was 4×10-16 W/√Hz. 

More recently, these silicon bolometers have been used for 
the submillimeter camera ArTéMiS [7] that is installed on the 
12m APEX [8] telescope in the Atacama desert in Chile. The 
instrument was commissioned at 350 microns in 2014 and 
showed very good results. The median NEFD (1s, 1σ) is 600 
mJy.s, with best pixels showing an NEFD of 300 mJy.s. With 
1650 working pixels, this preliminary and not complete 

version of ArTéMiS is already 5 times faster than Saboca in 
mapping speed.  

In 2015, ArTéMiS will be upgraded and will be able to 
simultaneously observe at 200, 350 and 450 microns, with a 
field of view of 4.7×2.3 arcmin2 (2.3×2.3 arcmin2 at 200 
microns), and 5760 pixels in total. 

Fig. 1  The 350 µm focal plan for ArTéMiS camera containing 2304 
bolometers. Two arrays were not operational because of electrical connectors 
issues. 

Fig. 2  The star forming region NGC6334 (Cat’s Paw Nebula) observed at 350 
µm with ArTéMiS. ArTéMiS data are in orange, the background image comes 
from ESO-VISTA observations made in infrared. 
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II. CURRENT DEVELOPMENTS

We have recently started the development of the next 
generation of resistive bolometers to reach the very high 
sensitivities needed for the future space missions (like the B-
Mode detection mission COrE+ for example). These 
instruments require detectors that are able to detect photons 
over a wide frequency range (100 GHz to a few THz), with 
NEPs around 10-18 W/√Hz or below. 

Our solution is built on two solid bases: (a) the PACS 
technology, that gave the highest TRL and very good 
performances on a world-class space mission (sensitivity, 
calibration, insensitivity to magnetic fluctuations, very low 
sensitivity to high energy particles [9]), and (b) the successful 
development of room-temperature silicon THz micro-
bolometers at CEA/LETI [10]. The new detectors are not 
hybridized by indium bumps anymore like the previous 
version. They are fabricated following an “above IC” 
approach where each layer that composes the sensor is grown 
above the electronic circuit (the “IC”, for Integrated Circuit).   

Fig. 3  above: SEM image of one new-generation polarization sensitive pixel. 
The pixel pitch here is 150 µm. Two interlaced silicon meanders are 
maintained at 2 µm above the SiO2 layer thanks to Copper Through-Silicon-
Vias. Below : schematics of the new bolometers. 

The high impedance thermometer is distributed along a 
long and thin silicon meander (1µm × 1.5 µm cross section). 
The absorption of the wave is achieved through the 
combination of vertical resonance (quarter wave cavity) and 
horizontal resonance (metallic pattern deposited on the 
meander, forming two networks of planar antennas). By 
design, the pixel is adapted to the relatively short waves (80-
150 µm). To reach longer wavelengths, we developed a 
system based on an anti-reflecting layer that can be tuned to 
enhance the absorption in a particular band [11]. This system 
is able to provide very good spectral response in the 
millimeter domain (absorption above 85 %), see figure 4. 

Fig. 4  Spectral response of the new bolometers (simulation), showing good 
absorption in the 1.2 mm band.  

The high sensitivity is obtained mainly by reducing the 
working temperature down to 100 mK. We have measured the 
R(T) of doped silicon down to 100 mK and checked that it 
follows the Efros-Shklovskii law (figure 5). The low 
temperature greatly improves the R(T) slope, as well as the 
thermal conduction, thanks to the specific properties of 
crystalline silicon (compared to Si3N4 for example). We 
estimate that with our new design we can reach NEP of the 
order of 3×10-18  W/√Hz. 

Fig. 5  Measurements of the impedance vs temperature for several Si:P:B 
samples. They follow the Efros-Shklovskii model down to 70 / 80 mK where 
we reach experimental limitations. 
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Fig. 6  Possible focal plane configuration to detect the polarization. Each pixel 
can detect both TE and TM components (blue and red patches). If each pixel 
is rotated 45 degrees about each neighbour, it is possible to directly measure 
the (I, Q, U) Stokes parameters, without external modulation. 

These new detectors can be used to detect the polarization 
of the incoming wave, in a COrE+ like mission. Such pixels 
contain two independent meanders, each one matched to a TE 
or TM component (see figure 3). If the neighbouring pixels are 
arranged like on figure 6 (45 degrees rotation between each 
other), then it is possible in theory to simultaneously measure 
the 3 Stokes parameters I, Q and U, without the need of a 
modulating system like a rotating plate or a specific scanning 
strategy. 

III. CONCLUSIONS

Following the development of the PACS camera, we have 
built the ArTéMiS submillimeter camera that will soon be 
fully operational on the APEX telescope. The next generation 
of silicon bolometers is now under development. The first 
tests are ongoing, in particular the measurement of sensitivity 
and spectral response. These detectors should be able to detect 

polarization with high sensitivity over a broad range of 
wavelengths. 

ACKNOWLEDGMENT 
This work has been partially supported by the LabEx 

FOCUS ANR-11-LABX-0013. The authors also want to thank 
J.-L. Sauvageot for the measurements of doped silicon at low 
temperature. 

REFERENCES 
[1] W. S. Holland, E. I. Robson, W. K. Gear and C. R. Cunningham, 

“SCUBA: a common-user submillimetre camera operating on the 
James Clerk Maxwell Telescope”, MNRAS, vol. 303, pp 659-672, 
1999. 

[2] E. Kreysa, H. P. Gemuend, J. Gromke et al, “Bolometer array 
development at the Max-Planck-Institut fuer Radioastronomie”, Proc. 
SPIE, Advanced Technology MMW, Radio and Terahertz Telescopes, 
T.G. Phillips Ed., 3357, p. 319, 1998. 

[3] M. J. Griffin, A. Abergel, A. Abreu et al, “The Herschel-SPIRE 
instrument and its in-flight performance”, A&A vol. 518, p. L3, 2010. 

[4] J.-M. Lamarre, J.-L. Puget, P. A. R. Ade et al, “Planck pre-launch 
status: The HFI instrument, from specification to actual performance”, 
A&A, vol. 520, A9, 2010. 

[5] G. Siringo, E. Kreysa, A. Kovacs et al, “The Large APEX Bolometer 
Camera LABOCA”, A&A, vol. 497, 3, pp 945-962, 2009. 

[6]  A. Poglitsch, C. Waelkens, N. Geis et al., “The Photodetector Array 
Camera and Spectrometer (PACS) on the Herschel Space 
Observatory”, A&A, vol. 518, p. L2, 2010. 

[7] V. Revéret, P. André, J. Le Pennec, et al., “The ArTéMiS wide-field 
sub-millimeter camera : preliminary on-sky performance at 350 
microns”, Proc. Of the SPIE, vol. 9153, p. 915305, 2014. 

[8] R. Guesten, L. A. Nyman, P. Schilke et al., “The Atacama Pathfinder 
EXperiment (APEX) – a new submillimeter facility for southern skies –
“, A&A, vol. 454, pp. L13-L16, 2006. 

[9] B. Horeau, O. Boulade, A. Claret et al., “Impacts of the radiation 
environment at L2 on bolometers onboard the Herschel Space 
Observatory”, Proc. 12th RADECS conference, 19-23 Sept. 2011. 

[10] J. Oden, J. Meilhan, J. Lalanne-Dera, et al., “Imaging of broadband 
terahertz beams using an array of antenna-coupled microbolometers 
operating at room temperature”, Optics Express, vol. 21, No. 4, p. 
4817, 2013. 

[11] V. Revéret, L. Rodriguez, P. Agnèse, “Enhancing the spectral response 
of filed bolometer arrays for submillimeter astronomy”, App. Optics, 
vol. 49, No. 35, pp 6726-6736, 2010. 

T3-626TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 

The Discovery of Interstellar CO  
Robert W. Wilson* 

Harvard-Smithsonian Center for Astrophysics, Caambridge, MA, USA 
*Contact: rwilson@cfa.harvard.edu  

 
 

 
Abstract—Bell Labs was an early developer of millimeter-wave 
technology.  At the peak of its development there, Arno Penzias, 
Keith Jefferts and I were privileged to use it to discover CO in 
what turned out to be star forming interstellar clouds.  Interest in 
mm and sub-mm wave astronomy has blossomed since. 

I. INTRODUCTION 
Prior to 1970, the idea of massive molecular regions in the 

interstellar medium (ISM) was not in the general 
consciousness, even though Solomon & Wickramasinghe [1] 
showed that dense clouds with a hydrogen density n > 
100cm−3 would all be molecular clouds with molecular 
hydrogen H2 as the dominant constituent and very little 
atomic hydrogen HI. Interstellar CH and CN [2] and CH+ [3] 
had been known in diffuse clouds from their optical absorption 
lines since the late 1930s. In a talk in 1955, Charles Townes 
[4] suggested radio astronomers should look for a number of 
transitions in simple molecules, including OH, NH3, H2O and 
CO. In 1963 Sander Weinreb [5] detected OH as the second 
significant radio line. In 1968 and 1969, ammonia [6], water 
[7], and formaldehyde [8] were found, but none of these 
pointed to extensive molecular clouds. 

II. RADIO RESEARCH AT HOLMDEL 
In the 1920’s Bell Labs saw an increasing need for radio in 

communications and, in order to escape the electrical noise in 
New York City set up field stations in New Jersey which were 
eventually consolidated in Holmdel, NJ.  The initial emphasis 
was using HF radio for transatlantic communications.  One 
famous result of this work was Karl Jansky’s discovery that 
one component of the interfering noise on such circuits 
originated in the center of our Milky Way galaxy; this started 
the field of radio astronomy. 

This line of research into free space radio communications 
continued into the 1990’s with several accomplishments as 
higher frequencies were pursued.  Starting after WWII, a 
microwave relay system was developed and was the first 
nationwide distribution system for television in the US as well 
as much of the backbone for telephone communications.  
Work to increase the capabilities of the terrestrial microwave 
relay system continued for years.  In the mid 1950’s John 
Pierce, a Bell Labs polymath, manager and also a writer of 
science fiction, recognized that satellites would offer an 
attractive means of communication and, after Sputnik’s 
launch, pushed to exploit them.  The Holmdel group hired two 

young radio astronomers, Arno Penzias and me to aid in that 
effort with the promise that we could spend half of our time on 
radio astronomy.  While preparing for one of our initial 
experiments, we discovered the Cosmic Microwave 
Background Radiation (CMBR).  Later propagation of radio 
waves in cities and houses was studied for mobile 
communications. 

A second line of research had been started at Holmdel when 
George Southworth transferred there to pursue his interest in 
guided waves. 

III. PRIOR MILLIMETER-WAVE WORK AT CRAWFORD HILL 
In 1932 George Southworth of AT&T demonstrated the 

first propagation through a waveguide. The next year, Mead at 
AT&T and Schelkunoff at Bell Labs separately calculated the 
attenuation of various modes in waveguide—and both 
discovered quite unexpectedly that the circular electric modes 
(TE01 is the lowest) have losses which decrease rapidly with 
higher frequencies in a given circular waveguide. In 1934 
Southworth moved to Bell Labs, Holmdel (where Karl Jan- 
sky worked) to continue exploring waveguides. That same 
year Russell Ohl used a spark source to investigate millimeter-
wave detectors. The Holmdel group’s charter was research on 
long distance communication, and they were constantly 
pushing technology to higher frequencies to get more 
bandwidth. The idea of using the TE01 mode in a highly 
overmoded waveguide for long distance communication was 
thoroughly implanted in their thinking early and, as 
millimeter-wave technology was developed, they worked on it 
with such a system in mind. By 1963, the year I joined the 
group in the newly completed Crawford Hill Lab, a system 
was under intense development using a two-inch diameter 
waveguide with a potential band extending from 38 to 120 
GHz. By 1975, a separate development group had built 
enough of the system to show that coast to coast 
communication through waveguide was possible. But the 
capacity was not yet needed—and optical fibers were on the 
horizon—so the effort was dropped. 

Along the way in the mid 1950’s, Doug Ring constructed 
two 8.5 mm radiometers on a military contract.  He had a 
complete truck mounted system for scanning the environment 
and making 8.5 mm thermal images.  His radiometer used a 
switch made in circular waveguide with a rotating half-wave 
section.  I made a similar switch for the 7 cm radiometer Arno 
and I used for discovering the CMBR. 
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IV.  THE DISCOVERY OF CO IN INTERSTELLAR CLOUDS 
After the initial excitement of discovering the CMBR had 

died down, our lab director called Arno and me in and 
reminded us that the initial agreement had been that we would 
each spend half time on astronomy and the other half on work 
for the Bell System and it was time to do some of the latter.  
We each took on communications projects and our centimeter 
wave astronomy work slowed down.  Arno, however, was 
doing some observations at the National Radio Astronomy 
Observatory and made the connection that they had 
constructed the 36 foot antenna on Kitt Peak for observations 
at millimeter wavelengths, but Charlie Burrus in the 
millimeter waveguide group at Crawford Hill was able to 
make better millimeter wave receivers than NRAO could.  
Charlie had devised a scheme of using the crude 
photolithography of the day to make arrays of Schottky barrier 
diodes on a GaAs wafer.  They were mounted in “Sharpless 
wafers” and the “cats whisker” had only to contact one of the 
premade diodes, rather than forming a junction at the contact. 

The initial 1968 experiment demonstrated the feasibility of 
this effort, but produced little in the way of new science. We 
left that 90-GHz receiver for NRAO to use in developing the 
antenna. Two years later Sandy Weinreb of NRAO offered to 
provide a spectrometer and frequency control equipment for 
the 36 ft. We returned with a higher frequency Burrus 
receiver. Arno talked Keith Jefferts (a Bell Labs atomic 
physicist interested in millimeter-wave spectroscopy) and me 
into integrating the Bell Labs receiver into an NRAO receiver 
box that would fit at the focus of the 36-ft antenna. We would 
then go back to look for carbon monoxide in interstellar space. 
At one point in this process, Keith remarked that Arno had the 
two best technicians at Bell Labs wiring the receiver for him. 

The payback came when Keith and I joined Sandy at Kitt 
Peak to get it all working. After several frustrating days, 
Sandy had to leave, but the next day we got it all tenuously 
working and put it on the antenna. I asked the telescope 
operator to point to the BN/KL region of the Orion Nebula 
where two bright nebulae, one in the near infrared and the 
other in the far infrared, would be in our beam. I was watching 
the rather crude output of the spectrometer when some of the 
center channels increased from their somewhat random 
previous outputs. The operator confirmed that we had just 
reached the source. I asked him to go off the source and the 
channels went back down. Thus in a few seconds, using a 
system which was hundreds of times less sensitive than the 
one on the 20-ft horn-reflector, we discovered carbon 
monoxide in an interstellar cloud. I had picked the BN/KL 
source because it was the source in our list of candidates that 
was overhead at the time, but it turned out that it is the 
strongest CO source in the sky. Arno arrived the next day to 
find that the key discovery had been made [9]. 

The carbon monoxide and other simple molecules that we 
and others have found since can be thought of as stains which 
allow us to measure the structure and dynamics of the 
interstellar molecular clouds. The clouds are so cold that their 
main constituent, hydrogen, doesn’t radiate. The radiation 

from simple molecules has shown that these dense molecular 
clouds exist, star formation is active in them and they are 
common in galaxies. Since that time, a large number of 
astronomers have worked on understanding the physical and 
chemical conditions in these clouds and the formation of stars 
within them. For several years after the discovery, Bell Labs 
gave Burrus diodes to other observatories and taught other 
groups how to make them. 

This discovery changed the direction of my career. We 
spent five exhilarating years exploring interstellar clouds and 
discovering new molecules and their isotopic variants with our 
receivers and the 36-ft antenna at Kitt Peak.  We had the only 
receivers above 100 GHz for several years, so we were pretty 
much free to follow the leads we saw and observe what we 
wanted to.  That contributed to rapid advances. We had a lot 
of instant gratification with new sources, new molecules, or 
new insights from every observing run. 

I then became project director for the 7-m antenna. It was 
designed to do millimeter-wave astronomy when the weather 
was good and satellite propagation measurements at 1-cm and 
2-cm wavelengths in weather bad enough to affect those 
bands. We then had almost two decades of additional studies 
of molecular clouds and the cores around young stars which 
are embedded in them. The Crawford Hill astronomy group 
grew to include several additional people at its peak. Later the 
astronomy effort became less relevant to AT&T’s need to 
prosper in the post-divestiture days and therefore declined. 
The Sub-Millimeter Array which I am working on now is an 
aperture synthesis array that spends most of its time observing 
radiation from the simple molecules and dust in these star-
forming regions. 

V. TECHNOLOGY DEVELOPMENTS 
The receiver we used to discover CO had a noise 

temperature over 4000K (~725hν/K) [10] and an IF bandwidth 
of 100 MHz, leaving a lot of room for improvement.  Room 
temperature mixers were significantly improved by 
redesigning the mounting, but Sandy Weinreb [11] soon 
suggested that Schottky diode mixers could be further 
improved by cooling them cryogenically.  By 1975, Tony Kerr 
had a cooled Schottky diode receiver operating on the 36-foot 
telescope with a Single Sideband (SSB) mixer noise 
temperature of 300K.  The best performance of a cooled 
Schottky mixer receiver was obtained at U. Mass.  They 
achieved an average of 75K DSB over the 80-115 GHz band 
(150K SSB) [12]. 

The next big improvement came with the introduction of 
SIS mixers.  Tom Philips and Paul Richards simultaneously 
described the first lead junction SIS mixers [13],[14].  Despite 
years of work by IBM, the lead junction technology remained 
short lived and difficult to use in production receivers.  It did 
serve to start the field and inspire John Tucker to produce the 
theory of SIS mixers [15]. 

The final advance in mixers I want to discuss is the change 
to Niobium.  Although the Nb/Al-AlOx/Nb SIS junction 
process was developed at Bell Labs, they were first used for 
SIS mixers in radio astronomy at GISS using SIS circuits 
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made at Hypres. The best current receivers in use are the 
sideband separating receivers for ALMA band 6 [16] and 
NOEMA band 3 [17] at about 230 GHz.  The ALMA 
receivers have noise temperatures below the specified 80K in 
most cases over their full RF band and for IF frequencies 
between 5 and 11 GHz with more than 10 dB image rejection. 
The NOEMA mixers have noise temperatures “approximately 
between 40 and 60 K over the whole band of 200 to 268 GHz 
and the image rejections are almost always better than -10 dB 
with an average value around -18 dB”.  The newest SMA 
receivers have an IF which covers 4-14 GHz and we are 
building a correlator to process that band.  Advances in low 
noise IF amplifiers have been and will be critical here. 
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Abstract  —  The first very long baseline interferometry (VLBI) experiments, which started in 1967, involved 2 groups in the USA using 

digital recording and one group in Canada using analog TV recording. All three groups relied on rubidium and hydrogen maser atomic 

frequency standards along with Loran C and traveling clocks for time synchronization. 

    Early results included the measurement of the brightness temperature of quasars approaching the Compton limit of 10^{12}K, 

superluminal expansion of quasars and the ultra compact size of hydroxl radical and water vapor emissions consistent with masers. 

Later VLBI was applied to making precise geodetic measurements leading to the first direct measurement of an increase in the distance 

between North America and Europe due to contemporary tectonic plate motion of about 15 millimeters per year. 

    Over the years since the 1960s the VLBI recording technology increased the data rates by about an order of magnitude per decade 

from a megabit/sec to over 10 gigabits/second. Other technical improvements include wider bandwidths and more accurate calibration 

for geodetic measurements and moving from centimeter to millimeter wavelengths for higher angular resolution. The data correlation in 

the early years used software and then moved to efficient correlation using specialized hardware. Now the hardware correlators are 

being retired as VLBI correlation goes back to software correlation using arrays of multiple COTS computer CPUs. 
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Abstract  — Radio Astronomy grew from an accidental discovery in 1932, virtually ignored for years, to a prolific window to a previously 

invisible universe, producing four Nobel Prizes.  A major new international instrument, the Square Km Array, is now in the detailed 

design phase and alternative next steps in the US are being explored.  The current state-of-the-art and future directions of receivers will 

be briefly presented.   The evolution of the VLA will be described   along with the status of the SKA and plans for a next generation of 

the VLA.   Finally, I will present my views concerning some of the vital global policies relevant to astronomy.   
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Abstract  — Although superconducting bolometers were proposed and already being developed by the late 1930s, 40 years would elapse before 

superconductivity finally found application in astronomy, when Tom Phillips and David Woody installed the first superconducting tunnel 

junction (SIS) receiver at Caltech’s Owens Valley Radio Observatory in 1979. The steady advancement of SIS technology over the next 30 years 

ultimately enabled ALMA and the HIFI instrument on the Herschel Space Observatory. At Caltech/JPL, the work on SIS mixers also led to a 

number of spinoffs, including antenna-coupled, polarization-sensitive focal planes for microwave background experiments such as BICEP2, 

Keck Array, and SPIDER; kinetic inductance detectors and imaging arrays; integrated millimeter-wave chip spectrometers; and broadband 

parametric amplifiers. I will describe the history of these developments from a personal perspective. 
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Abstract— Using a cold aperture stop, an array of detectors can 
be arranged to achieve Nyquist spatial sampling.  While good 
aperture efficiency can be obtained, a significant amount of 
power is truncated at the stop and the surrounding baffling.  We 
analyse the consequence of this power truncation and explore the 
possibility of using this layout for coherent detection as a multi-
beam feed.  

I. INTRODUCTION 

An important figure of merit for a telescope is mapping 
speed, i.e., how much time is required to sample fully a given 
field of view.  While single-pixel feeds may be designed to 
have high aperture efficiencies and excellent receiver 
sensitivity, in an effort to increase the mapping speed, arrays 
of detectors may be used to generate more simultaneous 
beams on sky (i.e., more pixels), at the cost of increased 
complexity and individual pixel performance degradation [1]. 

As an introduction, we first define what is meant by the 
terminology of full sampling with a dense hexagonal array 
(DHA) of coherent detectors. Coherence implies several 
things, one of which is that a single-mode detector is used [2].  
Accordingly, the telescope is limited to a single spatial mode 
[3], [4], such that the received signal from a point source is a 
uniquely defined plane wave at the primary reflector rim and 
is ideally transformed to the focal plane with resolution 
limited by the Airy pattern.  Of course, a strong motivator for 
coherent detection is that frequency resolution is preserved.  
To achieve full sampling, the array follows a hexagonal layout 
with Nyquist on-sky spacing.  Finally, within this paper, a 
multi-beam array refers to a single optical beam per detector 
element.  In other words, it does not refer to a phased array 
where one beam is synthesized using several elements.   

An important theorem which must hold within our analysis 
is reciprocity.  As applied to an antenna, reciprocity implies 
that the receive and transmit radiation patterns are reciprocally 
identical for a given mode and polarisation as long as the 
antenna system is linear [5].  Reciprocity will be used to 
analyse the beam coupling to the telescope and also to 
evaluate the noise added to the receiver. 

A. Dense Spacing of Detectors 

To sample the field of view fully, Nyquist angular sampling 
must be achieved.  Using a hexagonal layout, the angular on-
sky sampling rate is  

 

DFWHMNyq 33/ λθθ ≈=∆  (1) 

 
where λ is the wavelength and D is the diameter of the primary 
reflector [6].  When considering the focal plane of the 
telescope, the feed spacing is then 

 

2.13 ⋅
≈∆

D

f
xNyq

λ
 (2) 

 
where f is the equivalent focal length of the telescope [6] and 
the additional factor of 1.2 is an oversampling factor following 
[7].  Equations (1) and (2) are approximate since the -3 dB 
beam width, ϴFWHM, is assumed to be λ/D on-sky and λf/D at 
the focal plane. 

The potential problem with packing array feeds at this 
spacing is twofold: (a) severely reduced aperture efficiency 
through spill-over losses and (b) possible mutual coupling 
effects.   

Of course, various feeds and trade-offs may be made to 
pack elements closer, but generally the diameter of the feed 
horn limits the closest spacing to be on the order of ~ 2ϴFWHM 
[8] and so the telescope is re-pointed many times (e.g., at 
minimum 16 times for 2ϴFWHM) to fill in extended fields of 
view due to the sparse sampling.  If the feed horn aperture is 
forced to be smaller to accommodate closer packing density, 
the resulting beam will simply broaden with respect to the f/D 
of the telescope and be lost as spill-over power. 

Mutual coupling may be overcome by ensuring high 
isolation between feed ports. 

B. Analogies from Incoherent Detectors and the Cold Stop 

There are analogies with efficiency and detector spacing for 
instrumentation design of infrared and optical incoherent 
detectors.  For example, one could consider bolometric 
detectors and CCDs as suffering from a considerable amount 
of inherent spill-over, or stray light, but it is mitigated by the 
use of shrouds, baffles, and stops (see [13] as one example).  
Therefore, it is interesting to consider whether baffling and 
stops can be applied to coherent detectors.   

We have used the following statement from [1] as 
motivation for our work: 
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Fig. 1.  Simplified unfolded optics demonstrating placement of cold stop.  The 
shaded area represents the portion over which cold, absorbing baffling is used. 

 
Closer spacing is possible if the optical system uses 
more uniform aperture illumination with the detector 
beam truncated by a cold Lyot stop.  This is a typical 
method for incoherent THz instruments but has not yet 
been implemented in a coherent array receiver. 

 
In adopting these concepts for a millimetre-wavelength 

array, there are several questions.  For example, what are the 
ideal qualities of the baffling and stop?  What is the 
consequence of truncating the power?  Where should the stop 
be placed?  Can the receive and transmit paths of the signal be 
reconciled?  What is the effect on the coherency of the signal? 

We can philosophically answer each of these questions.  
Baffling should be implemented so that the spill-over power 
gets absorbed without reflection to keep feeds isolated.  
Reciprocally, the termination can be thought of as noise power 
emitted into the receiver, so it is important that its physical 
temperature is some fraction of the equivalent receiver noise 
temperature.  By making use of a collimator within the array, a 
stop may be placed at the point at which all beams coincide, 
i.e., the optical waist, such that each beam is truncated equally 
[14].  The stop needs to be evaluated (also using reciprocity) 
to analyse the characteristics of the diffracted beam through 
the stop and to calculate the resulting single mode aperture 
efficiency to validate the coherency of the detector.  It is also 
useful to separate the spill-over power along the optical path 
into two contributions:  (1) the spill-over power commonly 
associated with aperture efficiency which is evaluated at the 
primary reflector of the telescope and (2) the power 
intercepted by the cold absorbing baffles and aperture stop. 

II. ANALYSIS 

A. Simplified Quasioptical Design 

It is useful to consider the example frequency of ALMA 
Band 3 (84–116 GHz) to explore the impacts of a cold stop 
within a dense multi-beam array.  A simplified example is 
shown in Fig. 1 where a collimator has been used after the 
telescope focus and then reimaged onto the detector array.   

Baffling is indicated within the figure, shown by the shaded 
area, and represents the region over which any scattered power 
is terminated by absorber at cryogenic temperature.  The beam 
outside of the shaded area is treated separately as aperture 
efficiency of the telescope (including its own spill-over 
efficiency term).   

 

TABLE 1 
BEAM PARAMETERS AS DETERMINED BY FUNDAMENTAL MODE QUASIOPTICS 

 

 
Fig. 2.  Examples of simple detector feeds for a dense array: (a) circular 
waveguides, and, (b) circular waveguides with extended elliptical lenses 
(inset).  Each feed is arranged in a hexagonal layout and the circular 
waveguides are modelled within a simple metallic box.  Simulation port 
numbers are indicated in (a) and represented by encircled numbers.  Because 
of symmetry, it is sufficient to consider only ports 1, 2, 4, and 5.  For 
comparison, the ALMA Band 3 receiver feed horn inner and outer profiles are 
shown to emphasize the compactness of the array element spacing.  

Using quasioptics [12], the ideal beam characteristics may 
be found by working backwards from the sub-reflector 
assuming that the edge taper and focus are constant over 
frequency when evaluated at the sub-reflector.  Given the 
layout described in Fig. 1, the design is summarized in Table 
1.  In this design, the distance between the focal plane and 
sub-reflector is assumed to be 6 m and distances are given 
with respect to the focal plane in the direction towards the 
detector array.  Also note that no truncation has been modelled 
within Table 1. 

B. Feed Spacing and the Detector Array 

Next, it is important to consider what type of feed can be 
realized.  To sample the field of view fully at the highest 
frequency of 116 GHz, from (2) the spacing should be set at 
~10 mm.  Clearly there is no possibility to use an array of feed 
horns to achieve this compact spacing.  For example, the 
current ALMA Band 3 receiver feed horn, shown for reference 
in Fig. 2, has an inner diameter of approximately 30 mm [15]!   

Ideally, the array feeds should be simple, support dual 
linear polarization, and exhibit excellent port-to-port isolation.  
To demonstrate the importance of the feeds, two examples 
will be used for the dense hexagonal arrays (DHA).  A simple 
array of circular waveguides, as shown in Fig. 2(a), could be 
used since they show good input reflection and isolation.  To 
reduce the amount of power that is terminated with baffles and 
 

Frequency
(GHz)

Sub-
Reflector

Cassegrain
Focus

Collimator
Lens

Stop Object
Lens

Detector
Array

84 -6000.0 0.0 157.8 315.6 473.4 631.2
100 -6000.0 0.0 157.8 315.6 473.4 631.2
116 -6000.0 0.0 157.8 315.6 473.4 631.2

84 319.0 21.4 23.5 8.41 22.4 21.4
100 319.0 17.9 20.2 8.40 19.4 17.9
116 319.0 15.5 18.0 8.40 17.2 15.5

84 -6000.0 6000.0 1051.4 -929.7 178.6 6000.0
100 -6000.0 6000.0 817.2 -1315.8 189.1 6000.0
116 -6000.0 6000.0 662.1 -1769.1 201.3 6000.0

Distances with respect to Focus (mm)

Beam Radii (mm)

Radii of Curvature (mm)
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Fig. 3.  Comparison of co-polar far-fields for the respective dense hexagonal 
array (DHA) models shown in Fig. 2 (a) and (b), simulated at 100 GHz.  Each 
plot contains the respective fields for ports 1, 2, 4, and 5 (labelled in brackets) 
and show field cuts overlapping at angles of phi = 0, 45, 90, and 135°. 

 
Fig. 4.  Simplified GRASP implementation for the DHA models shown in Fig. 
2.  Each detector output has been represented by simple ray optics, using 
narrow beams for clarity.  The layout follows the structure shown in Fig. 1 
except the lenses are represented by reflectors and the beam is folded back.  
For clarity, the beams of the folded optics have been divided up to show:  (a) 
the hexagonal layout of the detector feeds, (b) the off-axis beams illuminating 
the objective mirror, (c) the beams converging to share a common “optical 
waist” (coincident with the placement of the aperture stop), and (d) the output 
beams of the collimator to illustrate reimaging onto the focal plane. 

absorber, however, it is advantageous to try to increase the 
directivity of the beams.  One simple method is to use an 
extended elliptical lens at the aperture [16] as shown in Fig. 
2(b).  The simulated S-parameters of each model show port 
reflection is less than -20 dB and port-to-port isolation is less 
than -30 dB. 

Fig. 3 demonstrates the difference in the far-fields of the 
feed arrays themselves when the extended elliptical lenses are 
used.  In comparison to open-ended circular waveguides, the 
beams are narrower, more symmetric, and exhibit ~10 dB 
more gain.  The added penalty, however, is an increased side-
lobe value.  For comparison, a single-pixel feed designed for 
the ALMA 12-m telescopes would have an opening half-angle 
of 3.58°.  As such, both of the feeds shown in Fig. 3 are 
extremely broad and require careful attention to the spill-over 
power at each element along the optical path.   

 
 
 

 
Fig. 5.  Co-polar near-field radiation patterns evaluated at the sub-reflector 
rim for open-ended circular waveguides (a) and extended elliptical lenses (b). 

 
Fig. 6.  Co-polar far-field projections on-sky of each feed port for the 
extended elliptical lens model through the optical system (stop 
radius = 11 mm).  Each beam is plotted separately, but shown in their 
respective position according to Fig. 2. 

C. Simplified GRASP Implementation 

1)  Optical Path and Detector Layout 

As a first step towards verification, the dense hexagonal 
array (DHA) models of Fig. 2 were simulated using GRASP.  
In this preliminary approach, all reflecting optics are on-axis 
and the unfolded optics described in Fig. 1 are folded back 
along the axis (shadowing is not included in this simplified 
analysis).  Fig. 4 describes the approach used.  Although not 
shown, an equivalent paraboloid is used to represent an 
ALMA telescope with a focal length of 96 m and diameter of 
12 m.   

2)  Transmit Radiation Patterns Along the Optical Path 

Continuing with the transmit path of the telescope (i.e., the 
detector array transmitting), the output beam was evaluated at 
the sub-reflector and is plotted in Fig. 5 for the two types of 
feeds being considered.   

In this analysis, the aperture stop radius has been set to 
11 mm (found to optimise the aperture efficiency) and is 
plotted with respect to a normalised feed power of 4π.  Note 
that the output of the collimator evaluated at the sub-reflector, 
as shown in Fig. 5, results in a radiation pattern that  
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Fig. 7.  -3 dB contours of the simulated co-polar far-field, as shown in Fig. 6 
and evaluated at 100 GHz, but plotted within the same axes.  Peak values, 
given in dB and normalised with respect to each feed array element, are given 
for each beam. 

TABLE 2 
CALCULATED APERTURE EFFICIENCY FOR THE DHA MODELS OF FIG. 2 (A) 

AND (B) USING THE 4TH FEED PORT AND AN OPENING ANGLE OF 3.58°.   

 
 

approaches a top-hat response, suggesting that the beam 
provides high aperture efficiency. 

Next, we consider the resulting far-fields of the telescope 
for the entire DHA.  Fig. 6 shows the simulated co-polar far-
field for each feed within the detector array when the extended 
elliptical lenses are used.  Each subplot within the figure 
corresponds to the position of a feed element within the array.  
In Fig. 7, all simulated feed patterns have been plotted within 
the same u-v axes, but only showing the -3 dB contours for 
clarity.  The HPBW contour circles correspond nicely with the 
expected spacing and show dense spatial sampling; since the 
spacing is set for the highest frequency, full sampling is 
observed at 116 GHz and oversampling at lower frequencies.  
Symmetry is evident and the resulting beams are encouraging 
since all beams are similar, indicating that the aperture stop is 
located properly and affecting each feed element somewhat 
equally.  For brevity, Fig. 6 and Fig. 7 only show the results of 
the elliptical lens model, but similar results are found for the 
open waveguides except with lower gains. 

3)  Aperture Efficiency at the Output of the Collimator 

Next, it is useful to look at the resulting aperture efficiency 
of the output beam of the aperture stop.  The aperture 
efficiency is calculated using an overlap integral [9], [17] and 
is calculated at the rim of the sub-reflector with respect to the 
focal plane of the telescope.  Note that the scattered or 
intercepted power between the feed array and collimator is not 
included within this calculation.  Only the field at the sub- 
 

TABLE 3 
CUMULATIVE POWER ALONG THE OPTICAL PATH FOR THE MODELS OF FIG. 2 

(A) AND (B), USING THE 4TH FEED ELEMENT AND CALCULATED FOR 100 GHZ.  

 
 

 
Fig. 8.  Effect of coupling loss when the baffling structures, which terminate 
the lost power, are held at different physical temperatures. 

reflector rim is used and normalised accordingly.  Given the 
simplifications of the model shown within this section, no 
back-scattering is included and the signal is assumed to be 
fully contained within ϴ ranging from 0–90°.  Again, a stop 
aperture radius of 11 mm has been used.  As shown in Table 2, 
the resulting aperture efficiency of the formed beam is very 
good (with the important caveat that the truncated power 
between the collimator and the feed has not yet been 
accounted for).  

4)  Cumulative Power Along the Transmit Path 

Since we are using dense feeds with very broad radiation 
patterns, one main point of interest is how to treat the power 
that is truncated by the baffling and aperture stop.  Using 
GRASP, the array feed element may be excited to calculate 
the amount of intercepted power within the shaded region of 
Fig. 1.  The intercepted power is also, by reciprocity, the 
amount of power coupled into the detector with respect to the 
beam received at the collimator. 

Table 3 shows the amount of power intercepted by each 
object along the optical path, as described in Fig. 1 and Fig. 4, 
when the radius of the aperture stop is 11 mm.  Considering 
first the open-ended waveguides, (a), only ~43% of the power 
is intercepted by the objective lens.  Then, most of the 
remaining power is absorbed at the cold stop so that only ~1% 
of the overall power actually arrives at the collimator mirror.  
Looking next at the elliptical lenses, (b), significantly more 
power is retained through the system, yet still only ~10% 
arrives.   

Herein lies the major hurdle towards acceptable 
performance for radio astronomy which the two feed models 
aptly illustrate.  Since the assumption is made that the baffling 
and absorbing aperture stop are held at cryogenic 
temperatures, the optical coupling loss (i.e., the cumulative 
power received at the collimator shown in Table 3) may be  
 

Frequency
(GHz)

Feed
Element

η spill η amp η cross η phase η total

84 0.893 0.983 1.000 0.989 0.868
100 0.875 0.992 1.000 0.987 0.857
116 0.884 0.992 1.000 0.990 0.868

84 0.893 0.986 1.000 0.993 0.874
100 0.890 0.992 1.000 0.991 0.875
116 0.894 0.992 1.000 0.991 0.879

4
(a)

4
(b)

Feed
Element

Objective
Mirror

Stop Collimator Equivalent
Paraboloid

4 (a) 43.23% 41.91% 1.14% 1.02%
4 (b) 77.07% 65.89% 10.53% 9.56%
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TABLE 4 
COMPARISON OF SYSTEM NOISE BETWEEN A SINGLE-PIXEL RECEIVER AND AN 

ELEMENT WITHIN A FULLY SAMPLED DHA WITH ELLIPTICAL LENSES. 

 
 

effectively considered as a cold attenuator at the input of a 
receiver chain.  Fig. 8 illustrates the consequence to overall 
receiver noise when the scattered power (i.e., power that is lost 
due to coupling losses) is terminated by the baffling at various 
physical temperatures.  For illustration, it is assumed that the 
receiver element has an equivalent noise temperature of 35 K, 
representative of the ALMA B3 receiver cartridge [18].  By 
separating out the contribution of the power lost due to the 
baffling, the importance of the feed directivity is highlighted.  
One can see that although both feed models provide good feed 
isolation and aperture efficiency after the aperture stop, the 
coupling loss—even if the baffling is held at cryogenic 
temperatures—significantly degrades the resulting overall 
receiver temperature.  In fact, the open-ended waveguides 
result in an overall receiver noise that is off the chart in Fig. 8 
and the extended elliptical lens array shows a factor of ~10 
degradation.   

To relate this degradation in terms of integration time, the 
system temperature must be known.  From [7], neglecting 
background terms and pointing at zenith, the system 
temperature is  

 

( )( )ambeffskyeffrec
eff

sys TTT
e

T ηη
η τ −++= − 1

1
0

 (3) 

 
where ηeff is the forward efficiency (fixed at 0.95 in [7]), e-τo is 
the fractional transmission of the atmosphere, Tsky is the sky 
temperature, and Tamb is the ambient temperature (fixed at 
270 K in [7]).   

Using the ALMA Sensitivity Calculator (ASC)1, values of 
sky temperature and atmospheric transmission can be found 
and are shown in Table 4.  Typical observing conditions are 
used for ALMA Band 3, i.e., a water vapour column density of 
5.1 mm is assumed.  

Also in Table 4, the last column shows the comparative 
increase in integration time between a single-pixel receiver 
and a DHA element (since integration time is proportional to 
the square of system noise temperature).  Note that within the 
ALMA Band 3 frequency range, the upper frequency has 
considerably more atmospheric attenuation due to the water 
and oxygen absorption lines nearby.  Since the sky noise 
temperature dominates the receiver noise temperature at the 
highest frequency, variations in receiver noise have less 
impact on overall system integration time. 

Depending on how dominant the sky noise is, ~10–70 fully 
sampled DHA elements are required just to have equivalent 
single-pixel performance (notwithstanding raster scanning 
time for single-pixel extended fields of view).  Note that with 
less compact spacing, the feed element aperture area may be 
                                                 
1 https://almascience.nrao.edu/proposing/sensitivity-calculator 

increased so that the design may be shifted along the power 
coupling axis of Fig. 8 to trade-off spacing with overall 
receiver noise.   

III.  CONCLUSIONS AND FUTURE WORK 

An optical layout has been presented to explore the 
ramifications of full spatial sampling with multi-beam feeds 
using compact hexagonal spacing.  Two different feed array 
models have been shown that exhibit the desired 
characteristics of simplicity, dual-linear polarization, good 
port match, high feed isolation, good aperture efficiency, and 
full Nyquist spatial sampling.  The two models differ, 
however, in the amount of power lost in the cold baffling and 
absorbing aperture stop.  By separately treating the scattered 
power between the aperture stop and feed array, the 
importance of feed directivity is highlighted through 
representing the coupling loss as cold attenuation at the 
receiver input.  Since directivity is fundamentally limited by 
the feed aperture area, extremely compact array spacings will 
suffer as shown above. 

It should be noted that the spacing presented within this 
paper is extremely compact for coherent detectors, as the 
spacing was set for the highest frequency within the band—
even with an oversampling factor at the highest frequency.  
Using a cold aperture stop would also allow the designer to 
pick a wider spacing which is still much more compact than 
existing heterodyne arrays, e.g., a spacing of 2ΔxNyq would 
imply only 4 separate telescope pointings to completely fill in 
the array field of view.  Wider spacing would enable larger 
feed apertures (or larger lens diameters) to improve directivity 
of the beams and, therefore, shift the power coupling and drop 
the overall receiver noise, according to Fig. 8. 

Future work will examine the system performance for less 
compact spacings, e.g. 2ΔxNyq, and will also explore possible 
improvements by changing the type of aperture stop and 
optimizing the directivity of the feed elements. 
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Measuring the brightness of classical noise
dominated light at the shot noise limit?

Richard Lieu∗, and T.W.B. Kibble†,
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Abstract—A recent claim by Lieu et al that beam splitter
intensity subtraction (or homodyne with one vacuum port)
followed by high resolution sampling can lead to detection of
brightness of thermal light at the shot noise limit is reexamined
here. We confirm the calculation of Zmuidzinas that the claim
of Lieu et al was falsified by an incorrect assumption about the
correlations in thermal noise.

I. INTRODUCTION

Recently, [1] proposed a method of improving the sen-
sitivity of radio telescopes, based on using a 50:50 beam
splitter and measuring the difference signal between the two
output beam intensities. The original motivation of [1] was
based upon the supposition that the intensity difference has
shot noise fluctuations given by a simple Poisson process
with its mean subtracted away, and a variance equal to the
mean photon rate of the(presumed stationary) incident beam,
although the statistics of the noise distribution presented there
were derived from the quantum theory of chaotic light and
the higher moments were found to be slightly different from
Poisson. Subsequently, it was pointed out by [2] that the
higher moments of [1] were erroneous, due to an invalid
assumption about the absence of correlations between non-
overlapping time intervals. Below, we present an improved
and simplified version of the calculation of [1] that reaches the
same conclusion as [2], viz. although it is possible to use the
split-beam technique to achieve essentially the same accuracy
as that of a direct measurement of the incoming signal, it is
much harder (if at all possible) to do significantly better.

II. AN IMPROVED CALCULATION

This is firstly an alternative calculation to the ones in [1]
and [2]) of the degree of accuracy attainable by a difference
measurement on a split beam, and secondly a discussion of
the effect in frequency space via a discrete Fourier transform.
The results are essentially the same as those of Zmuidzinas,
i.e. the split-beam technique achieves more or less the same
accuracy that one can get from a direct measurement of the
brightness of the original beam.

Ahead of the formal treatment, it may be useful to seek a
heuristic understanding of the difference between [1] and [2].
If light comprises only shot noise, the fluctuations in direct
and homodyne measurements will in principle both look the
same. But, as is usually the case for chaotic light, there are
classical phase noise fluctuations as well, and the shot noise
will then exhibit a time dependent mean and variance as its

amplitude varies together with the classical intensity noise
in tandem. According to [2] and the calculation here, this
correlation between the shot noise variance and the classical
noise intensity is not expected to be removed by the beam
splitter, as illustrated in Figure 1. [1], on the other hand,
asserted that the appearance of the homodyne difference signal
remains like simple shot noise, i.e. either there was no such
correlation in the incident beam to begin with, or the beam-
splitter removed the effect.

A. Direct measurements with incident beam

So long as we are dealing with a narrow bandwidth, it is
more convenient to work with the Fourier transforms of the
annihilation and creation operators,

â(t) =
1√
2π

∫
dω â(ω)e−iωt; â†(t) =

1√
2π

∫
dω â†(ω)eiωt.

(1)
They satisfy the commutation relations

[â(t), â(t′)] = δ(t− t′). (2)

For a chaotic beam with Gaussian frequency profile, centred
on ω0 and with bandwidth 1/τ , we have

〈â†(t)â(t′)〉 = n0f(t− t′), (3)

where f(t) is given by

f(t) =
1

τ
eiω0te−t

2/2τ2

. (4)

Moreover, the intensity is simply ω0â
†(t)â(t), but in the

narrow-band case, it is simpler to remove the factor of ω0,
and talk instead about

Ĵ(t) = â†(t)â(t), (5)

which represents the number of photons arriving per unit time.
It follows immediately that

〈Ĵ(t)〉 = n0
τ
. (6)

Next, we examine the covariance function

cov(J(t), J(t′)) = 〈Ĵ(t)Ĵ(t′)〉 − 〈Ĵ〉2. (7)

Now

〈Ĵ(t)Ĵ(t′)〉 = 〈â†(t)â(t)â†(t′)â(t′)〉
= 〈â†(t)â(t)〉〈â†(t′)â(t′)〉+
〈â†(t)â(t′)〉〈â(t)â†(t′)〉. (8)
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Fig. 1. Theoretically expected noise characteristics of stationary thermal
radiation as viewed directly and via a beam-splitter. Note the squared intensity
difference D2

j still exhibits classical bunching noise that’s correlated with the
direct intensity time series Sj . Additionally D2

j is also expected to have more
shot noise.

The first term here clearly cancels the last term in (7), so we
find

cov(J(t), J(t′)) = n20|f(t− t′)|2 +
n0
τ
δ(t− t′), (9)

where the final term comes from the commutator [â(t), â†(t′)].
If we define the average flux over a short time interval as

ĴT (t) =
1

T

∫ t

t−T
dt′ Ĵ(t′), (10)

then we find

var(JT (t)) =
1

τT

[
n20F

(
T

τ

)
+ n0

]
, (11)

where

F

(
T

τ

)
=
τ

T

∫ T

−T
dt (T − |t|)|f(t)|2. (12)

Note that for T � τ , we may replace f in the integrand
by 1/τ , so F (T/τ) ≈ T/τ . The relative uncertainty in the

measurement of JT is given by

var(JT (t))

〈ĴT (t)〉2
=
τ

T

[
F

(
T

τ

)
+

1

n0

]
, (13)

or
var(JT (t))

〈ĴT (t)〉2
≈ 1 +

τ

n0T
, for T � τ. (14)

On the other hand, if we measure for a much longer time
T = NT , we must use the limiting value of f(x) for x� 1,
namely

√
π. So we have

var(JT (t))

〈ĴT (t)〉2
≈
√
π
τ

T
=
√
π
τ

NT
, for T � τ. (15)

B. Difference signal for split beam

In a 50:50 beam splitter, it is useful to consider a second
input beam, which is in fact in its vacuum state. Let us
represent the annihilation and creation operators of that second
input by b̂(t), b̂†(t). Then for the two output beams we have
annihilation operators

ĉ =
1√
2
(â+ ib̂), d̂ =

1√
2
(â− ib̂). (16)

Note that ĉ and d̂ each satisfy the commutation relations (2),
together with (3) but with n0 replaced by n0/2. Moreover,[
ĉ, d̂†] = 0.

One might perhaps worry that using b̂(t) rather than b̂(ω),
with the replacement of factors of ω by ω0, which is justified
for the narrow-bandwidth case, might be inadmissible for the
vacuum contribution. However, if one retains the factors of ω,
they will be converted to time derivatives that will ultimately
act on other factors that are limited by bandwidth, and the
leading contributions will be given quite accurately by the
replacement of ω by ω0, so this is probably not a serious
problem.

The quantity we are particularly interested in is the differ-
ence signal, the difference between the numbers of photons
arriving in the two output channels. This is given by

D̂(t) = ĉ†(t)ĉ(t)− d̂†(t)d̂(t). (17)

Substituting from (16) we see that this quantity may be written

D̂(t) = iâ†(t)b̂(t)− ib̂†(t)â(t). (18)

Obviously, its expectation value is zero:

〈D̂(t)〉 = 0. (19)

The factorization between â and b̂ operators makes this a very
convenient form to use. For example, in computing the two-
time function, we see that

〈D̂(t)D̂(t′)〉 = 〈â†(t)â(t′)〉〈b̂(t)b̂†(t′)〉+〈â(t)â†(t′)〉〈b̂†(t)b̂(t′)〉,
(20)

and because the b input is in its vacuum state, the second term
vanishes, while in the first, 〈b̂(t)b̂†(t′)〉 = δ(t − t′). Thus we
find

cov(D(t), D(t′)) = 〈D̂(t)D̂(t′)〉 = n0
τ
δ(t− t′). (21)
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So the measurement of the variance of D provides a way of
measuring n0.

Of course, any measurement will take up a finite time
interval. We suppose that the total available time T is divided
up into N small segments of duration T , and define the average
flux in the jth interval as

D̂j =
1

T

∫ jT

(j−1)T
dt D̂(t), (22)

where we assume T � τ , so that

var(Dj) =
n0
Tτ

, cov(Dj , Dk) = 0, (j 6= k). (23)

Now to estimate the accuracy of the measurement we can
make, we need to compute the expectation value 〈D̂2

j D̂
2
k〉.

However, for use later we consider the more general case

〈D̂jD̂kD̂lD̂m〉 =
1

T 4

∫ jT

(j−1)T
dt1

∫ kT

(k−1)T
dt2∫ lT

(l−1)T
dt3

∫ mT

(m−1)T
dt4

〈D̂(t1)D̂(t2)D̂(t3)D̂(t4)〉. (24)

When we substitute from (18), each term in the expectation
value can be written as a product of an expectation value of â
and â† operators, and one of b̂ and b̂† operators. Moreover, the
latter vanish if they have a b̂ on the right or a b̂† on the left,
and there must be equal numbers of each of the two terms in
(18) containing b̂ and b̂† operators. So there are just two terms
remaining:

〈D̂(t1)D̂(t2)D̂(t3)D̂(t4)〉 = 〈â†(t1)â†(t2)â(t3)â(t4)〉
〈b̂(t1)b̂(t2)b̂†(t3)b̂†(t4)〉+
〈â†(t1)â(t2)â†(t3)â(t4)〉
〈b̂(t1)b̂†(t2)b̂(t3)b̂†(t4)〉. (25)

Now, with the abbreviation tjk = tj − tk,

〈b̂(t1)b̂(t2)b̂†(t3)b̂†(t4)〉 = δ(t13)δ(t24) + δ(t14)δ(t23), (26)

while

〈b̂(t1)b̂†(t2)b̂(t3)b̂†(t4)〉 = δ(t12)δ(t34), (27)

so clearly the result will only be nonzero when the indices
(j, k, l,m) are equal in pairs.

We also note that

〈â†(t1)â†(t2)â(t3)â(t4)〉 = n20[f(t13)f(t24) + f(t14)f(t23)].
(28)

while

〈â†(t1)â(t2)â†(t3)â(t4)〉 = n20[f(t12)f(t34) +

f(t14)f(t32)] +

n0f(t14)δ(t23). (29)

Putting these expressions together and substituting into (25),
we find

〈D̂(t1)D̂(t2)D̂(t3)D̂(t4)〉 =

δ(t12)δ(t34)n
2
0

(
1

τ2
+ |f(t13)|2

)
+

δ(t13)δ(t24)n
2
0

(
1

τ2
+ |f(t12)|2

)
+

δ(t14)δ(t23)n
2
0

(
1

τ2
+ |f(t12)|2

)
+

δ(t12)δ(t23)δ(t34)
n0
τ
. (30)

Note the symmetry of this expression under permutations of
{1, 2, 3, 4}, which results from the fact that the different D̂j

operators commute with each other.
Then, integrating over short time intervals, and assuming

that T � τ , we find

〈D̂jD̂kD̂lD̂m〉 = δjkδlm
n20
T 2τ2

(1 + e−t
2
jl/τ

2

) +

δjlδkm
n20
T 2τ2

(1 + e−t
2
jk/τ

2

) +

δjmδkl
n20
T 2τ2

(1 + e−t
2
jk/τ

2

) +

δjkδklδlm
n0
T 3τ

, (31)

where tjk = (j − k)T .
Now, to find the covariance of D2

j and D2
l , we set k = j

and m = l, and remove the first of the seven terms in (31),
which is cancelled by the product of expectation values. This
yields

cov(D2
j , D

2
l ) =

n20
T 2τ2

e−t
2
jl/τ

2

+ δjl
4n20
T 2τ2

+ δjl
n0
T 3τ

. (32)

The first term alone gives the covariance when j 6= l. For
j = l we find

var(D2
j ) = 5

n20
T 2τ2

+
n0
T 3τ

. (33)

Thus the fractional error is given by

var(D2
j )

〈D̂2
j 〉2

= 5 +
τ

n0T
. (34)

This is comparable with (14) but larger (when n0T � τ ) by
a factor of 5.

Of course, as before we can do better by observing for a
longer time. In particular, we can form the sample mean

D2 =
1

N

N∑
j=1

D2
j . (35)

Clearly,

var(D2) =
1

N2

N∑
j,l=1

cov(D2
j , D

2
l ). (36)
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When we substitute from (32), in the first term, we can convert
the sum over j − l to a Gaussian integral:∑

j

e−j
2T 2/τ2

≈ 1

T

∫
dt e−t

2/τ2

=

√
πτ

T
. (37)

Thus we obtain

var(D2)

〈D̂2
j 〉2

=
1

N

(√
πτ

T
+ 4 +

τ

n0T

)
. (38)

The dominant term here, when T � τ � n0T is the first.
This reproduces precisely the dominant term in the direct
measurement error, (15). So in this case we can do as well
as the direct measurement, but unfortunately no better.

C. Frequency domain measurements

There is, however, another way of dealing with the infor-
mation, in terms of the discrete finite Fourier transform of the
signal. Let us define

Kp =
1√
N

N∑
j=1

Dje
−2πipj/N , (p = 0, . . . , N − 1). (39)

The frequency corresponding to Kp is ωp = 2πp/NT . Note
that Kp is not real; in fact K∗p = K−p ≡ KN−p. Obviously,
〈K̂p〉 = 0, and, from (23),

〈K̂pK̂
†
p〉 =

n0
Tτ

, 〈K̂pK̂
†
q 〉 = 0, (p 6= q), (40)

very similar to the expressions for the variance and covariance
of the Dj . Thus for each p the value of |Kp|2 provides an
estimate of n0.

Next, we look at the uncertainty of these estimates. To do
so, we need the covariance of |Kp|2 and |Kq|2. We start from
(31) and apply a discrete Fourier transform to each of the
variables. This yields

〈K̂pK̂qK̂rK̂s〉 = δp+q+r+s[
n20
T 2τ2

(
δp+q +Gp+q + δp+r +

Gp+r + δp+s +Gp+s
)
+

n0
NT 3τ

], (41)

where δp = 1 if p ≡ 0 mod N , otherwise 0, and

Gp =
1

N

∑
j

e−2πipj/Ne−j
2T 2/τ2

≈
√
πτ

NT
e−(pπτ/NT )2 .

(42)
To find the covariance of |Kp|2 and |Kr|2 we have to set
q = −p, s = −r, and again subtract the first term, to obtain

cov(|Kp|2, |Kr|2) =
n20
T 2τ2

(δp+r + δp−r +G0 +Gp+r

+ Gp−r) +
n0

NT 3τ
. (43)

In particular, setting p = r we have

var(|Kp|2) =
n20
T 2τ2

(
1 + δp + 2

√
πτ

NT

+

√
πτ

NT
e−(2pπτ/NT )2

)
+

n0
NT 3τ

. (44)

The fractional uncertainty measure is now

var(|Kp|2)
〈K̂pK̂

†
p〉2

= 1+δp+2

√
πτ

NT
+

√
πτ

NT
e−(2pπτ/NT )2 +

τ

n0NT
.

(45)
This already shows that when T � τ � NT , the variance of
each |Kp|2 is less than of each D2

j .
As with the Dj , we can form the sample mean of these

measurements,

|K|2 =
1

N

N−1∑
p=0

|Kp|2, (46)

so that

var(|K|2) = 1

N2

N−1∑
p,r=0

cov(|Kp|2, |Kr|2). (47)

For the terms involving Gp we can again convert the sum to
an integral to give∑

p

Gp =

√
πτ

NT

∑
e−(pπτ/NT )2 = 1. (48)

Thus

var(|K|2) = n20
NT 2τ2

(
4 +

√
πτ

T

)
+

n0
NT 3τ

, (49)

whence

var(|K|2)
〈K̂pK̂

†
p〉2

=
1

N

(√
πτ

T
+ 4 +

τ

n0T

)
. (50)

Note that this is precisely the same as the result for D2.
This might seem surprising, given that the variance of each
individual |K2

p | is less than that of each D2
j . However, it arises

from the fact that there is some correlation between all the
|K2

p |, whereas for the D2
j it is limited to time differences less

than about τ . The situation is depicted in figure (II-C).

∝n0

|Kp |
2

0.0 N p

random

∝n 2
0 τ/T

1/(NT )

systematic 
normalization

uncertainty

Fig. 2. The Fourier power spectrum of the time series Dj has both random
and systematic uncertainties, with the latter in the form of a normalization
error that shifts the entire (flat) spectrum up or down as measurements of the
same thermal source are repeated. The origin of this systematic effect, which
for chaotic thermal light dominates the random noise when the spectral data
are averaged over the full range of available frequencies, is photon bunching
noise (also known as classical noise.
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D. Fourier transforming D2

We could also envisage a different use of the finite discrete
Fourier transform. Let us define the quantity Ej = D2

j , which
of course satisfies

〈Êj〉 =
n0
Tτ

. (51)

Then we may define its discrete Fourier transform, say

Lp =
1√
N

N∑
j=1

Eje
−2πipj/N , (p = 0, . . . , N − 1). (52)

It follows at once that

〈L̂p〉 =
√
N
n0
Tτ

δp. (53)

So in this case none of the Fourier components, except the DC
(which apart from a normalization factor is the same thing as
D2), can provide a measure of n0. So this does not seem a
very profitable avenue of enquiry.

III. CONCLUSION

We revisited a recent claim [1] that beam splitter intensity
subtraction (or homodyne with one vacuum port) followed by
high resolution sampling can lead to detection of brightness
of thermal light at the shot noise limit. We are able to confirm
the result of [2] that the claim of [1] was falsified by their
incorrect assumption about thermal noise,

We should emphasize, however, that there has so far not
been any experimental comparison of direct against homodyne
brightness measurement of the same thermal state. Thus the
quantum field theoretic predictions remain to be verified in the
laboratory.
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Abstract—NIST-Boulder is heading a program in the de-
velopment of feedhorn-coupled, background-limited Microwave
Kinetic Inductance Detectors (MKIDs) for observation at far-
infrared to millimeter wavelengths. MKIDs provide a com-
pelling path forward towards the next generation of large-format
polarimeters, imagers, and spectrometers for experiments in
cosmology and astrophysics that will require channel counts
on order 10,000. Here we present performance results of our
latest devices being developed for the sub-orbital, next generation
BLAST polarimeter experiment that will operate in bandpasses
centered at 600, 850, and 1200 GHz. We will review major
recent milestones, including background-limited performance in
the prototype BLAST 1.2 THz pixels over a wide range of input
powers relevant to both balloon-borne and satellite experiments.
We also review efforts at NIST to expand this technology to a
wide range of applications through scaling to various frequencies
(150 GHz – 1.4 THz), coupling techniques, multi-frequency pixels,
material development, and readout development that will allow
for a high level of scalability.

I. INTRODUCTION

Microwave Kinetic Inductance Detectors (MKIDs) are su-
perconductor microresonators that absorb and detect coupled
radiation through the breaking of Cooper pairs in the super-
conductor. When designed as a high quality factor resonator,
MKIDs naturally serve as both the detector and a multiplexing
circuit in the frequency domain. Together with their typically
simple fabrication, this makes MKIDs an attractive option
for the next generation of large-format detector arrays in the
far-infrared and (sub-)millimeter experiments. MKIDs have
a broad range of applications, including several experiments
recently fielded or under development for continuum [1]–[3],
polarimetry [4], or spectroscopic observations [5]–[7].

MKID sensitivity has improved by orders of magnitude
since inception [8] through superconductor material develop-
ment, improved coupling efficiency, and design geometries
that all work to reduce intrinsic detector noise and increase
responsivity. However, for many applications, significant ad-
ditional improvements in performance are needed for MKIDs
to match the background-limited sensitivity performance and

Feedhorn((

Wave,
guide(

SOI( Backshort(

TiN/Ti/TiN(

Fig. 1. Feedhorn-coupled kinetic inductance polarimeter concept and pro-
totype design. Left: Cross-section schematic of primary device layers and
feedhorn/waveguide coupling scheme (not to scale). Right: Prototype chip
design with a common microstrip feedline coupled to five lumped-element
resonators. Grey squares outline the area of the backside silicon etch that
creates the quarter-wave backshort. Zoom-in view depicts a single pixel
comprising a single turn inductor and a 5 µm spacing IDC. The dashed-
circle represents the approximate position and diameter of the feedhorn’s exit
waveguide.

array uniformity offered by established alternative detector
technologies, e.g. the transition edge sensor (TES). Here,
we describe our program and progress in developing highly
scalable end-to-end MKID solutions that will meet the require-
ments of the next generation of experiments. We review the
critical aspects of our MKID and experimental design, and
report on the latest performance measurements and results,
including the successful production of background-limited
MKID polarimeters operating in the 1.2 THz band at low
incident powers that are relevant to satellite and balloon-borne
experiments [9].

II. MKID DESIGN

MKIDs work on the basic principle of using photons to
break cooper pairs in a superconductor. When built as a super-
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Fig. 2. Photograph of absorber inductor strips in a prototype dual-polarization
pixel, designed specifically for the verification and testing of the insulated
crossover schemes.

conducting resonator, the resulting change in the quasiparticle
density affects both the circuit’s quality factor and resonant
frequency. With high quality factors, many devices can be
measured simultaneously off a common feed line – one of
the primary attractions of MKIDs is the potential reduction of
both cost and complexity as the next generation of experiments
move to order 104 channels.

A. Detector Design

The basic concept of our MKID design is outlined in Fig. 1.
The resonant circuit is fabricated from a single TiN/Ti/TiN
trilayer. Incident radiation couples to an inductive strip that
serves as both the polarization-sensitive absorber and the
inductive component of the microwave resonant circuit. A
lithographed on-chip Interdigitated Capacitor (IDC) completes
the resonant circuit. A quarter-wave backshort maximizes cou-
pling efficiency and is fabricated to the correct depth through
backside etching of a silicon-on-insulator (SOI) wafer and a
conductor deposited on the back surface.

Our TiN/Ti/TiN trilayer films exhibit many properties that
can be advantageous compared to traditional MKID super-
conductor materials. The trilayer Tc can be tuned between
∼800 mK and 3 K [10], which allows the MKID to be
optimized for the specific observation wavelength(s), optical
loading, and bath temperature of the application. The trilayer
also produces highly uniform Tc, with < 1.5% variation across
a 75 mm wafer [10], which is critical for scaling to large format
MKID arrays (e.g. 150 mm diameter wafers) with optimized
performance. A high sheet resistance allows for convenient
waveguide impedance matching, while the trilayer’s relatively
high kinetic inductance fraction helps maximize responsivity.
The TiN/Ti/TiN trilayer exhibits a linear frequency response
with optical power (see Sec. III) that doubles the responsivity
with respect to conventional superconductors. The trilayer also
has low two-level system (TLS) noise properties due to the low

Photon-noise limited kinetic inductance polarimeter and detector arrays

OMT

Bandpass 
filter

Bandpass 
filter

LEKID-1

IDC

absorbers
CPW feedline

(a) (b)

A

B
C

D

A: OMT probe
B: icrostrip
C: lter
D: TES

Figure 7: OMT-coupled TES and MKIDs. (a) A picture of an OMT-coupled TES pixel at 150 GHz for CMB polarime-
try. (b) OMT-coupled MKID design (one polarization is shown). The Nb ground plane is in blue. The Nb microstrip
(black) on top of TiN/Ti/TiN (red) forms a lossy transmission line which absorbs the radiation from the OMT. The
large IDC capacitively couples the MKID to the coplanar waveguide (CPW) feedline.

46], NASA/Goddard [47] and others [48]. The 150 GHz ‘TRUCE-style’ CMB polarimeters (see
Figure 7a), led by NIST are deployed on the Atacama B-mode Search (ABS) [49], ACTPol and
SPTpol. The OMT separates signals in the two linear polarizations onto superconducting mi-
crostrips, which are measured by two separate TES. For coupling to a MKID, we need only re-
place the TES, as illustrated in Figure 7b. The Nb microstrip runs for a distance on top of the
trilayer and the mm-wave signal breaks pairs in the trilayer absorber. The idea is similar to the
antenna-coupled MKIDs used in MUSIC [13]. Current NIST OMT fabrication makes use of SiN
membranes, required for TES bolometer thermal isolation. The inclusion of MKIDs enables the
use of robust Si membranes with SOI wafers that will likely increase yield and at the same time
simplify fabrication.

The development of OMT-coupled MKIDs maximally leverages existing NIST resources. The
OMT fabrication is mature, and silicon feedhorn arrays at 150 GHz as well as at other frequencies
for single pixels already exist. Additionally extensive measurement infrastructure is available for
use in this program at no extra cost to the proposal. These resources include a polarizing Fourier
Transform Spectrometer, a millimeter-wave network analyzer and beam mapper, various thermal
sources and an optical access ADR cryostat instrumented with both microwave coax for MKID
development and NIST time-domain SQUID multiplexing for TES readout. We plan to design
an experiment in which we directly compare the TES and MKID-based 150 GHz arrays. Such an
experiment has never before been carried out and will be valuable to the community.

3.3.3 Advanced materials: TiN/Ti/TiN trilayer

The advancement of superconducting materials for MKIDs is an important part of this proposal.
While MKIDs fabricated from conventional superconductors such as Al have demonstrated promis-
ing results [16, 17, 18], our new TiN/Ti/TiN trilayer superconducting film provides an expanded

10

Fig. 3. Concept of an MKID-based dual-polarization pixel coupled via a
planar ortho-mode transducer (OMT) Components of the second polarization
channel are omitted for simplicity. Radiation is coupled via feedhorn and
waveguide directly to the OMT. A Nb ground plane is depicted in blue. Nb
microstrip (black) on top of TiN/Ti/TiN (red) forms a lossy transmission line
that absorbs the radiation from the OMT. The large IDC capacitively couples
the MKID to the coplanar waveguide (CPW) feedline.

TLS density of the TiN-Si interface [11], [12]. Additionally,
the large kinetic inductance of the trilayer decreases the
resonator frequency into the h̄ω � kBT regime, which reduce
the TLS noise through the TLS saturation effect [13], [14].

B. Optical Coupling
As with other detector technologies at these frequencies,

several different optical coupling schemes have traditionally
been employed to couple photons to the MKID absorber,
including antenna, microlens, feedhorn, and/or direct absorber.
We have chosen to couple the radiation to each detector via
feedhorn and waveguide (see Fig. 1), which has several advan-
tages including: (i) increased inter-pixel spacing allowing use
of large interdigitated capacitors (IDCs) to minimize TLS noise
and pixel crosstalk; (ii) high absorption efficiency and low
coupling to stray light; (iii) concentrated light decreases detec-
tor volume and increases detector responsivity; (iv) excellent
polarization properties; and (v) near Gaussian-shaped beams.
NIST’s silicon platelet feedhorn technology [15] provide a
scalable corrugated feed solution that is well matched to the
silicon detector array.

In the currently presented design, the feedhorn couples
radiation directly to the inductor strip of a single-polarization
MKID. We are now developing dual-polarization pixels using
two MKIDs with cross-over orthogonal inductor strips (Fig. 2).
We are also exploring coupling radiation to a planar ortho-
mode transducer (OMT) that separates signals in the two linear
polarizations onto superconducting microstrips, as depicted
in Fig. 3. Planar OMT coupling is a mature technology
[16], [17] that has already been deployed in several TES-
based experiments , including SPTpol [18], ACTPol [19], and
the Atacama B-mode Search (ABS) [20]. Use of an OMT
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Fig. 4. Detector responsivity shown as fractional frequency shift verses the
optical loading power measured at different bath temperatures.

also has the advantage of separating the coupling from the
absorbing inductor, thus adding flexibility in the geometric
maximization of responsivity. Passbands are currently defined
through the combined use of free-space low-pass filters in
front of the feedhorns and the high-pass cutoff provided by
the waveguide. Furthermore, use of an OMT would allow the
signal from a wide-bandwidth feedhorn to be partitioned into
several observation frequency bands using on-chip filters (e.g.
[21].

III. PERFORMANCE RESULTS

We report on the latest measurements, characterizations, and
performance milestones of our MKID devices. We include a
review of experimental design and measurement techniques.
Initial results are from the prototype single-polarization 5-
channel devices depicted in Fig. 1, which are feedhorn-coupled
to a ∆ν ≈ 400 GHz passband centered at ν ≈ 1.2 THz.

A. Linear Response

Measurements are made using a homodyne measurement
and cryogenic SiGe amplifier. The detectors are exposed to
radiative loads between 0.3 fW and 21 pW using a variable
temperature blackbody load. A frequency sweep and fit to the
complex transmission S21(f) yields the resonant frequency
as a function of radiative loading. We observe a fractional
frequency shift, δf/f , that is linear with optical power and
has an approximately constant slope with bath temperature
(Fig. 4). Conventional superconducting materials typically
have a response of δf/δP ∝ P−0.5, therefore, the approxi-
mately linear response shown in Fig. 4 represents a significant
departure from this behavior. Similar characteristics have been
seen previously in TiN films [22], [23], thus representing an
advantage of TiN based films and trilayers. The linear response
of these films is not yet fully understood, and we will discuss
our latest measurements and experiments to understand the
observed behavior of these materials.
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Fig. 5. Detector noise equivalent power (NEP) as a function of optical
load power. Measured NEP (points) at optical powers above ≥ 0.5 pW are
in good agreement with the photon-noise prediction (red-dashed). The black-
dashed line represents the best fit NEP model defined in Eq. 1. This plot is
reproduced, with permission, from [9].

B. Photon-Limited Performance at 1.2 THz
The fundamental sensitivity limit of any integrating photon

power detector is determined by the photon-rate fluctuations
from the emitting source under observation. This is often
referred to as the photon-noise limit or background limit.
We directly measure the fractional frequency noise of the
resonators at each radiative load level. Using the measured
responsivity of the resonator (e.g. Fig. 4), we convert the
measured white-noise level to a noise equivalent power (NEP)
and compare it to expected noise level from known sources at
each optical loading power. The results are shown in Fig. 5
and represent a major milestone of this project: photon-noise
limited sensitivity down to loading powers ≥ 0.5 pW. Details
of these measurements and result can be found in [9].

Fig. 5 also shows the full data set fit to the model

NEP 2
m = NEP 2

α +
NEP 2

photon +NEP 2
R

η
, (1)

where NEPphoton is the predicted photon noise (red-dashed
line) and NEPR is the quasiparticle recombination noise,
which is sub-dominant when the photon energy is signifi-
cantly larger than the superconducting energy gap. The free
parameters are η, the total optical efficiency, and NEPα,
a constant term representing the combined device and ex-
perimental noise floor. The fit yields η = 0.69 ± 0.01 and
NEPα = 2 × 10−17 W/

√
Hz [9].

C. Ongoing Measurements
We will also present the latest detector characterization

measurements compared to modeling results and expectations.
This will include mapping of beam properties using a chopped
blackbody source on an x/y translation stage and polarimeter
characterization using a chopped source and rotating polarizing
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wire grid. Initial polarization measurements of the prototype
single-polarization MKIDs match the co-polar (ηc) and cross-
polar (ηx) efficiencies derived from electromagnetic coupling
simulations. Similar models of a modified prototype design
suggest ηc ∼ 0.8 and ηx ≤ 0.02 are achievable.

IV. FUTURE WORK

Future MKID design iterations will include dual-
polarization pixels and OMT coupled MKIDs with on-chip
band defining filters. We will also be scaling these designs
to operate in other frequency bands, including large-format
arrays at 600 GHz, 850 GHz, and 1.2 THz for the next-
generation BLAST polarimeter, while striving to maintain
photon-limited performance by maximizing responsivity and
minimizing inherent detector noise sources. We will also
begin incorporating a multiplexing readout scheme using
NIST developed SiGe amplifiers and ROACH based digital
readout modules [24], which together will allow the readout
of ∼1000 MKIDs per amplifier/module.

V. CONCLUSION

We have undertaken an MKID development program to
produce and end-to-end MKID solution for background lim-
ited mm/sub-mm/THz imaging and polarimetry, including all
necessary elements from optical coupling through warm read
out. Through the benefits of feedhorn-coupling and the use of
a TiN/Ti/TiN trilayer superconducting film, we have produced
a photon-noise limited MKID-based polarimeter solution in
the 1.2 THz band at incident powers that are relevant for
balloon-based and satellite experiments. Near-term develop-
ment includes dual-polarization pixel arrays, scaling of designs
to operate at lower frequency bands, and the integration of
scalable multiplexing readout components.
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Abstract—The response of superconducting pair-breaking de-
tectors is dependent on the details of the quasiparticle distribu-
tion. In Kinetic Inductance Detectors (KIDs), where both pair
breaking and non-pair breaking photons are absorbed simul-
taneously, calculating the detector response therefore requires
knowledge of the often nonequilibrium distributions. The quasi-
particle effective temperature provides a good approximation to
these nonequilibrium distributions. We compare an analytical
expression relating absorbed power and the quasiparticle effec-
tive temperature in superconducting thin films to full solutions
for the nonequilibrium distributions, and find good agreement
for a range of materials, absorbed powers, photon frequencies
and temperatures typical of KIDs. This analytical expression
allows inclusion of nonequilibrium effects in device models
without solving for the detailed distributions. We also show our
calculations of the frequency dependence of the detector response
are in agreement with recent experimental measurements of the
response of Ta KIDs at THz frequencies.

I. INTRODUCTION

Kinetic Inductance Detectors (KIDs) [1]–[3] rely on photons
with energy hν ≥ 2∆, where ν is the photon frequency and
∆ the superconducting energy gap, to break Cooper pairs and
thereby produce an excess population of quasiparticles. Sub-
gap readout photons are also absorbed, and they too generate
an excess population of quasiparticles, which influences the
operating characteristics of the device [4], [5]. Understanding
the way in which these distributions are created, and interact,
is central to understanding the operation and performance
limitations of KIDs.

Once a signal photon is absorbed, the initial high-energy
quasiparticles relax towards the superconducting energy gap
∆. For quasiparticle energies ∆ < E � ΩD in typical
materials, this happens primarily by emitting phonons [6].
In a thin film, these excess phonons can either remain within
the superconductor and break pairs themselves if they have
sufficient phonon energy Ω ≥ 2∆, or escape into the substrate.
The energy carried by the escaping phonons is completely lost
from the quasiparticle system. At low temperatures T ∼ 0.1Tc
(where Tc is the superconductor critical temperature), the
downconversion process happens very fast (< 10 ns, as the
quasiparticle-phonon scattering lifetime τs is much shorter than
the recombination lifetime τr [7], [8]) so it is the long-lived
low energy quasiparticles of energy E ≈ ∆ which primarily

determine the detector response. We define an associated
quasiparticle generation efficiency η, given by the fraction
of the absorbed photon energy that remains detectable as
excess low energy quasiparticles. For very high energy photons
(hν � ΩD), η = 0.6 is commonly used [4], [9], but over the
moderate energy range (2∆ < hν ≤ 10∆ – THz spectrum) of
signal photons studied here, η varies significantly [6].

In [5] we introduced a method for calculating the steady
state, nonequilibrium quasiparticle and phonon distributions
in superconducting thin films with simultaneous above-gap
(signal) and sub-gap (readout or probe) photon illumination, by
solving the nonlinear Chang & Scalapino kinetic equations [10].
Using this method, the effect of uniform, constant absorption
of sub-gap photons [5], [11] and moderate energy above-gap
photons [6], has been quantified. A key result of that work was
an analytical relationship between the effective quasiparticle
temperature T ∗

N and absorbed power P (at a single photon
frequency ν),

P =
Σs

η(ν, P, Tb) (1 + τl/τpb)
×T ∗

N exp

(
−2∆(T ∗

N )

kBT ∗
N

)
− Tb exp

(
−2∆(Tb)

kBTb

) . (1)

Here the effective quasiparticle temperature T ∗
N is defined as the

temperature of the thermal distribution which has the same total
number of quasiparticles as the steady-state nonequilibrium
distribution of interest. Using T ∗

N in equations that assume ther-
mal quasiparticle distributions is often sufficient for calculating
key characteristics such as surface impedance [5]. Equation (1)
therefore can be used to calculate the effective temperature from
absorbed power (or vice versa) using only a material dependent
constant Σs, derived from fitting the effective temperatures of
the calculated nonequilibrium distributions; and the material
independent but power, temperature and frequency dependent η,
also originally calculated from the nonequilibrium distributions.
τl is the phonon escape time into the substrate; τpb is the
phonon pair breaking time, which at low temperatures T � Tc
is equal to the characteristic phonon lifetime τφ0 [7]; and Tb
is the substrate or heat bath temperature. Our most recent
work [12] has calculated Σs for a range of common materials
(Al, Mo, Ta, Nb, NbN), and also calculated η in the sub-gap
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and above-gap frequency regimes, at a range of temperatures.
In this work, we compare (1) with the complete solutions

to the Chang & Scalapino equations at the typical absorbed
powers, signal and readout frequencies, temperatures, and
for a range of commonly used low-Tc superconductors. We
also compare the frequency dependence of our calculated
quasiparticle generation efficiency η to recent measurements
of Ta KID response [13] at THz frequencies.

II. RESULTS
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Fig. 1. Quasiparticle effective temperature T ∗
N against absorbed sub-gap power

Pprobe for Al, Ta, Nb, Mo, and NbN, from full nonequilibrium calculation
(markers) and analytical expression (lines). Calculated with hνp = 16µeV,
Tb = 0.1Tc and τl/τ

φ
0 = 1.

In Fig. 1, we compare the quasiparticle effective temperature
T ∗
N calculated from (1) (lines) – for sub-gap readout frequency
νp and varying readout power Pprobe – to T ∗

N calculated from
the full nonequilibrium distributions for Al, Ta, Nb, Mo, and
NbN (markers), using the values for Σs tabulated in [12].
There is excellent agreement for all readout powers considered.
The material-dependent constant Σs scales with the zero-
temperature superconducting gap energy of the material, so
for the same absorbed power, a greater effective temperature
change is seen in Mo than NbN.

In Fig. 2 the effective temperature calculated from (1)
(lines) is compared to T ∗

N calculated from the nonequilibrium
distributions (markers) when varying the substrate temperature
Tb. As the substrate temperature increases, the same absorbed
power causes a smaller increase in the quasiparticle effective
temperature T ∗

N , as temperature is a nonlinear function of total
quasiparticle number and energy. Equation (1) is in reasonable
agreement with the full calculation until Tb ≈ 0.8Tc, where
kBT ≈ ∆(T ).

Fig. 3 compares the effective temperatures as a function
of absorbed sub-gap power for selected phonon escape time
ratios. The effect of phonon trapping is correctly taken into
account by (1) as shown by the close agreement. Increasing the
phonon escape time τl causes a greater increase in quasiparticle
effective temperature for the same absorbed power, as the
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Fig. 2. Quasiparticle effective temperature difference T ∗
N − Tb against

substrate temperature Tb for selected absorbed sub-gap powers Pprobe, from
full nonequilibrium calculation (markers) and analytical expression (lines).
Calculated for Al, with hνp = 16µeV and τl/τ

φ
0 = 1.
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Fig. 3. Quasiparticle effective temperature T ∗
N against absorbed sub-gap power

Pprobe for selected phonon escape time ratios τl/τ
φ
0 , from full nonequilibrium

calculation (markers) and analytical expression (lines). Calculated for Al, with
hνp = 16µeV, and Tb = 0.1Tc.

probability for phonons to escape instead of breaking Cooper
pairs is a function of τl/τpb.

Fig. 4 compares the effective temperatures as a function of
absorbed power when the photons are sub-gap (dashed line, ◦
markers – frequency hνp, absorbed power Pprobe) and above-
gap frequency (solid line, + markers – frequency νs, absorbed
power Psignal), showing the analytical expression (1) (lines)
reproduces the quasiparticle effective temperature from the
full calculation (markers). At the same absorbed power, all
parameters of (1) are identical between the sub-gap and above-
gap cases except for η. For direct pair breaking, the required η
is calculated from the full nonequilibrium distributions using a
set of modified Rothwarf-Taylor rate equations [6], [12]. In the
sub-gap case η = η2∆, the fraction of phonons escaping the thin
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Fig. 4. Quasiparticle effective temperature T ∗
N against absorbed power P in

the sub-gap (dashed line, ◦ markers) and above-gap (solid line, + markers)
cases, from full nonequilibrium calculation (markers) and analytical expression
(lines). Calculated for Al, with hνp = 16µeV, hνs = 10∆, and Tb = 0.1Tc.

film which have energy Ω ≥ 2∆. η is constant with absorbed
above-gap power [6], while it decreases with absorbed sub-
gap power [5], [12]. For the same absorbed power, above-gap
power is more efficiently converted into excess quasiparticles
than sub-gap power – so the above-gap absorbed power results
in a higher effective temperature than the sub-gap absorbed
power.
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Fig. 5. Quasiparticle generation efficiency η as a function of signal frequency
νs as calculated from full nonequilibrium distributions at two different phonon
escape time ratios (dotted and solid lines), compared to measured FTS spectral
response of a Ta KID from [13] (dashed line).

Neto, Llombart, Baselmans, et al. have recently measured
the frequency dependence of the response of a Ta KID, on a
SiN membrane to increase the thermal isolation (and hence τl),
using a Fourier Transform spectrometer (FTS) [13]. Their data
analysis of the normalized response took account of antenna
effects and band-defining filters, but does not remove the
superconducting absorption efficiency, which cuts on after
hνs = 2∆. The remaining oscillations of period ∼ 0.5∆

are interpreted as due to standing waves and not intrinsic
to the KID [14]. Fig. 5 shows their response measurements
(dashed line) along with our calculations of the quasiparticle
generation efficiency η at two different trapping factors (dotted
line and solid line). Our high trapping factor calculation of
η (τl/τ

φ
0 = 15, solid line) shows excellent agreement with

the measurements. The high trapping factor is as expected
for a device on a membrane and so thermally isolated from
the substrate. A more detailed comparison is in progress. In
our view, these experimental measurements confirm that η is
indeed frequency dependent as calculated by our model. Using
the calculations of η, we may be able to differentiate between
different phonon trapping factors based on the device response,
or choose the phonon trapping factor to achieve the desired
response.

III. CONCLUSION

We have shown that we are able to calculate the quasiparticle
effective temperature resulting from uniform absorbed power
using a simple analytical expression (1) in agreement with
the calculated steady state nonequilibrium distributions from
a full solution of the nonlinear kinetic equations, for device
operating parameters (materials, temperatures, powers, and
photon frequencies) typical of KIDs and similar supercon-
ducting pair breaking detectors. The effective temperature
provides a good approximation to the average quasiparticle
lifetimes and surface impedance of the superconductor [5].
Therefore (1) allows significantly simpler inclusion of nonequi-
librium effects in higher level calculations and device models.
For example, quasiparticle heating due to readout power in
KIDs, which may lead to hysteresis [15], can be included
without calculating the detailed distributions. We also show
the calculated frequency dependent response to above-gap
frequency photons (particularly in the THz range), represented
by the quasiparticle generation efficiency η, is in agreement
with recent experimental measurements.

As a next step, we are exploring using (1) and our calcu-
lations of Σs to implement a complete electrothermal model
of a KID, as described in [16]. This will allow exploration
of device response, electrothermal feedback and hysteresis
phenomena in detail. We also note that though presented in
this work in the context of KIDs, (1) is applicable to all
illuminated superconducting thin films, and so is relevant to
other devices, for example superconducting qubits [17]–[19],
resonator multiplexers for Transition Edge Sensors (TESs) [20],
and thin film parametric amplifiers [21].

REFERENCES

[1] P. K. Day, H. G. LeDuc, B. A. Mazin, A. Vayonakis, and
J. Zmuidzinas, “A broadband superconducting detector
suitable for use in large arrays.”, Nature, vol. 425, no.
6960, pp. 817–21, Oct. 2003.

[2] G. Vardulakis, S. Withington, D. J. Goldie, and D. M.
Glowacka, “Superconducting kinetic inductance de-
tectors for astrophysics”, Measurement Science and
Technology, vol. 19, no. 1, p. 015 509, Jan. 2008.

W3-2



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015

[3] J. Baselmans, “Kinetic Inductance Detectors”, Journal of
Low Temperature Physics, vol. 167, no. 3-4, pp. 292–304,
Jan. 2012.

[4] J. Zmuidzinas, “Superconducting Microresonators:
Physics and Applications”, Annual Review of Condensed
Matter Physics, vol. 3, no. 1, pp. 169–214, Mar. 2012.

[5] D. J. Goldie and S. Withington, “Non-equilibrium
superconductivity in quantum-sensing superconducting
resonators”, Superconductor Science and Technology,
vol. 26, no. 1, p. 015 004, Jan. 2013.

[6] T. Guruswamy, D. J. Goldie, and S. Withington, “Quasi-
particle generation efficiency in superconducting thin
films”, Superconductor Science and Technology, vol. 27,
no. 5, p. 055 012, May 2014. arXiv: 1401.1937.

[7] S. Kaplan, C. Chi, D. Langenberg, J.-J. Chang, S. Jafarey,
and D. Scalapino, “Quasiparticle and phonon lifetimes
in superconductors”, Physical Review B, vol. 14, no. 11,
pp. 4854–4873, Dec. 1976.

[8] A. G. Kozorezov, A. F. Volkov, J. K. Wigmore, A.
Peacock, A. Poelaert, and R. den Hartog, “Quasiparticle-
phonon downconversion in nonequilibrium superconduc-
tors”, Physical Review B, vol. 61, no. 17, pp. 11 807–
11 819, May 2000.

[9] M. Kurakado, “Possibility of high resolution detectors
using superconducting tunnel junctions”, Nuclear Instru-
ments and Methods in Physics Research, vol. 196, no.
1, pp. 275–277, May 1982.

[10] J.-J. Chang and D. J. Scalapino, “Kinetic-equation
approach to nonequilibrium superconductivity”, Physical
Review B, vol. 15, no. 5, pp. 2651–2670, Mar. 1977.

[11] D. J. Goldie and S. Withington, “Non-Equilibrium
Superconductivity in Kinetic Inductance Detectors for
THz Photon Sensing”, in Proceedings of the 24th
International Symposium on Space Terahertz Technology,
Jan. 2013. arXiv: 1401.2291.

[12] T. Guruswamy, D. J. Goldie, and S. Withington,
“Nonequilibrium superconducting thin films with sub-

gap and pair-breaking photon illumination”, submitted
for publication. arXiv: 1501.01831.

[13] A. Neto, N. Llombart, J. J. A. Baselmans, A. Baryshev,
and S. J. C. Yates, “Demonstration of The Leaky
Lens Antenna at Submillimeter Wavelengths”, IEEE
Transactions on Terahertz Science and Technology, vol.
4, no. 1, pp. 26–32, Jan. 2014.

[14] P. J. de Visser, private communication, Oct. 2014.
[15] S. E. Thompson, S. Withington, D. J. Goldie, and

C. N. Thomas, “Dynamical behaviour of supercon-
ducting microresonators with readout-power heating”,
Superconductor Science and Technology, vol. 26, no. 9,
p. 095 009, Sep. 2013.

[16] C. N. Thomas, S. Withington, and D. J. Goldie, “Elec-
trothermal Model of Kinetic Inductance Detectors”,
Superconductor Science and Technology, to be published.
arXiv: 1411.1565.

[17] L. DiCarlo, M. D. Reed, L. Sun, B. R. Johnson, J. M.
Chow, J. M. Gambetta, L. Frunzio, S. M. Girvin,
M. H. Devoret, and R. J. Schoelkopf, “Preparation
and measurement of three-qubit entanglement in a
superconducting circuit”, Nature, vol. 467, no. 7315,
pp. 574–8, Sep. 2010.

[18] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak,
E. Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M.
Martinis, and A. N. Cleland, “Generation of Fock states
in a superconducting quantum circuit.”, Nature, vol. 454,
no. 7202, pp. 310–4, Jul. 2008.

[19] R. J. Schoelkopf and S. M. Girvin, “Wiring up quantum
systems”, Nature, vol. 451, no. 7179, pp. 664–9, Mar.
2008.

[20] K. D. Irwin and K. W. Lehnert, “Microwave SQUID
multiplexer”, Applied Physics Letters, vol. 85, no. 11,
p. 2107, Sep. 2004.

[21] B. Ho Eom, P. K. Day, H. G. LeDuc, and J. Zmuidzinas,
“A wideband, low-noise superconducting amplifier with
high dynamic range”, Nature Physics, vol. 8, no. 8,
pp. 623–627, Jul. 2012.

W3-2

http://arxiv.org/abs/1401.1937
http://arxiv.org/abs/1401.2291
http://arxiv.org/abs/1501.01831
http://arxiv.org/abs/1411.1565


Abstract— We report on the development of a tunable antenna 
coupled intersubband terahertz (TACIT) detector based on 
GaAs/AlGaAs two dimensional electron gas. A successful device 
design and micro-fabrication process have been developed which 
maintain the high mobility (1.1×106 cm2/V-s at 10K) of a 2DEG 
channel in the presence of a highly conducting backgate. Gate 
voltage-controlled device resistance and direct THz sensing has 
been observed.  The goal is to operate as a nearly quantum noise 
limited heterodyne sensor suitable for passively-cooled space 
platforms. 

I. INTRODUCTION  
HZ mixers for astronomical applications are dominated by 
low-noise superconducting hot electron bolometers (HEB) 
operating at liquid Helium temperatures and Schottky 

diode mixers which can operate at ambient temperature but 
suffer from much higher noise. The latter are the only option 
for planetary missions where active cryocooling is not 
possible. The Schottky mixers however are not as low noise as 
HEB mixers and can hardly be used beyond 1 THz in view of 
the lack of sufficiently powerful solid-state oscillators. Here, 
we report on an alternative tunable antenna coupled 
intersubband terahertz (TACIT) [1] detector.  The goal of this 
effort is to develop mixers for planetary and astrophysics 
applications with noise comparable to superconducting HEBs 
at temperatures accessible to passively-cooled space platforms 
(>50K), along with a gate bias tunable THz sensing.  

The active region of the TACIT detector is a MBE-grown 
two-dimensional electron gas (2DEG) confined in a 40nm 
GaAs/AlGaAs quantum well designed for intersubband 
absorption near 2.5THz. This active region is a high mobility 
system whose resistance has strong temperature dependence 
for temperatures below 77K. The active region is sandwiched 
between a Schottky front gate and a buried back gate made of 
a highly doped GaAs layer. The front and back gates can tune 
the resonant frequency as well as the strength of the 
intersubband transition [2]. Also, they couple the THz signal 
to the active region via a twin-slot antenna. The source and 
drain are ohmic contacts to the 2DEG which sense the change 
in its resistance. When THz signal falls on the detector, 
electrons are excited to the next subband, leading to an 
increase in the temperature of the electron gas. Theoretically, 
the 2DEG has been approximated as a hot electron bolometric 
system [1] and in the presence of a local oscillator signal, the 
intermediate frequency (IF) signal can be sensed between the 
source and drain terminals. The schematic of THz detection 
and IF generation inside a TACIT detector is shown in Fig. 
1(a), and Fig. 1(b) shows the microscopic image of a 
fabricated TACIT device. 

The impedance of the TACIT detector’s active region was 
calculated by treating the two-dimensional electron gas as a 
dipole sheet under the influence of an oscillating current 
between the front and the back gates [1]. A twin-slot planar 
antenna circuit was designed to provide an impedance match 
to the TACIT device and to couple THz radiation efficiently 
from the gates to the active region.  

II. RESULTS 
The heart of the TACIT detector is a high mobility two-

dimensional electron gas. A high mobility structure is known 
to have a strong temperature dependent resistance for 
temperatures lower than 77K. A 40nm quantum well with high 
mobility design along with a conducting back gate layer was 
grown at Princeton University. We successfully measured the 
mobility of 3.6×106 cm2/V-s at 10K with the back gate but 
minimal processing. The main processing challenge was to 
attain high mobility after completing the processing of TACIT 
detector, which involves multiple dry etches and metal 
sequences. We measured a maximum mobility of 1.1×106 
cm2/V-s at 10K after complete fabrication process for the 
TACIT detector. 

 

 
 

Fig. 1 (a) Schematic of THz detection and intermediate frequency (IF) 
generation in a TACIT device, where 2DEG channel is represented by blue 
color. (b) Microscopic image of a fabricated TACIT device depicting source, 
drain, antenna, THz choke filter, front and back gates. The SEM micrograph 
of the active region (the square is the front gate) is shown in the inset. 
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The active region, shown in the inset of Fig. 1, has the 

dimension of 4µm×6µm. Dry plasma etching has been carried 
out to define the structure and to remove the conducting GaAs 
layer from the back plane metal region. A Ni/AuGe/Ni/Au 
metal sequence was used to deposit ohmic metal for the 
source, drain, and backgate contacts and was subsequently 
annealed. The source and drain metal pads dimension is 
396µm×167µm to minimize the contact resistance. A Ti/Pt 
metal sequence is used to deposit back plane metal to define a 
twin slot antenna and front Schottky gate on the active region. 
A silicon nitride-silicon dioxide-silicon nitride dielectric 
sequence is used to deposit a 1.2µm thick dielectric layer on 
top of the back plane metal containing the antenna. A front 
gate biasing metal pad and microstrip containing a THz choke 
filter are deposited using Ti/Pt/Au on top of the dielectric 
layer and contact the front gate metal already defined on the 
device. The choke filter prevents coupling THz radiation from 
the antenna to the front gate contact pad.  

 

 
Fig. 2 Source drain resistance of TACIT device as a function of gate bias 
applied between front gate and back gate at 10K and 50K. 

 
Because of significant leakage between the back gate and 

the ohmic contacts to source and drain, all measurements were 
carried out with the back gate shorted to one of the ohmic 
contacts.  Because of this, the electric field between the two 
gates could not be tuned independently of the carrier 
concentration, and thus the intersubband absorption frequency 
(which depends on the electric field) could not be tuned 
independently of the charge density in the quantum well.    

We first carried out dc current-voltage measurements on the 
fabricated device. Figure 2 shows the device resistance as a 
function of gate bias at 10K, and 50K. The device resistance 
can be tuned from 10kΩ range down to few hundred ohms. 
This suggests that the front and the back gates function in the 
expected manner. The change in the device resistance is due to 
the change in the sheet charge density of the quantum well. 
 

 
Fig. 3 Tunable response of the TACIT detector has been demonstrated where 
the response of the detector can be tuned by tuning voltage bias across the 
front and the back gate.  

We carried out direct detection measurements by mounting 
the device on a silicon lens, assembling the device into a 
receiver cryostat and illuminated it with a CO2-pumped 
molecular gas far-infrared/THz laser. A photosignal was 
measured between the source and the drain terminals, while 
gate bias was tuned across the front and back gates. Note that 
all data in Fig. 3 are normalized so that the maximum is 1.  
The detector is much more sensitive near the 2.5 THz design 
frequency of rf coupling structure than at other frequencies, as 
demonstrated by the much higher signal-to-noise ratio at 2.54 
THz compared with other frequencies.  This suggests that the 
antenna is working. 

As shown in Fig. 3, for a given fixed THz pump frequency, 
the photoresponse is sharply enhanced above a threshold VT. 
The value of VT depends strongly on the frequency of the THz 
pump.  A key result of the study is this demonstration of 
voltage-tunable THz detection.  

Figure 4 shows dependence of the threshold voltage VT on 
THz pump frequency. We define VT as the bias value at which 
the response reaches the average of its peak value and value 
close to zero applied bias. With increasing pump frequency, 
VT decreases approximately linearly.  

III. DISCUSSION 
 
It is usually the case that a built-in electric field is present 

across a quantum well even when top and back gates are at the 
same potential.  Because a voltage could be applied only to the 
top gate of the devices we studied, this built-in electric field 
could not be cancelled out while maintaining a constant charge 
density.  We believe that, in the tested devices, this built-in 
electric field was sufficiently large to tune the intersubband 
resonance frequency above the THz laser frequency for all the 
data shown in Fig. 3.  Preliminary analysis suggests that the 
step-like feature in Fig. 3 may be due to a process wherein 
electrons are promoted from the Fermi energy of the lowest 
subband to the  bottom of the second subband in a weak, non-
momentum-conserving process that has not previously been 
observed to our knowledge. 
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Fig. 4 Dependence of threshold voltage VT on Terahertz pump frequency. 

IV. CONCLUSIONS 
We have designed, fabricated, and demonstrated a tunable 

antenna coupled intersubband terahertz (TACIT) detector 
where THz response can be enhanced by the gate voltage 
applied between the front and back gates. For this, we 
developed a fabrication and design process to maintain the 
high mobility of a 2DEG channel which is the building block 
of the TACIT detector. Voltage-tunable THz photoresponse 
has been demonstrated for THz pump frequencies between 1.6 
and 3.1 THz.   

In future devices, in which the voltages on both front and 
back gates can be tuned independently, we expect to see a 
much stronger photoresponse as the main intersubband 
absorption is brought into resonance with the THz laser 
frequency.  Such a photoresponse was observed previously by 
some of us [3], but in TACIT detectors built from quantum 
wells that had a relatively low-mobility 2-DEG in which the 
source-drain resistance varied only weakly with temperature in 
the temperature range of interest.  High-mobility TACIT 
heterodyne receivers are predicted to have noise temperatures 
competitive with superconducting hot-electron bolometers, 
operate with µW LO powers, have IF bandwidths in excess of 
10 GHz, even while operating at a temperature of 50K.[1] 
Thus high-mobility TACIT detectors extremely exciting for 
space-based applications in planetary science and 
astrophysics. 
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Abstract—The cut-off wavelength limit (λc) in traditional 
photodetectors is determined by the activation energy (∆) of the 
semiconductor structure, and is given by the relationship: λc = 
hc/∆.   This empirical spectral rule has dominated device design 
for many years, and was thought to limit intrinsically the long 
wavelength response of a photodetector. Recently, however, we 
have demonstrated a new, long wavelength photodetection 
principle using a hot-cold carrier energy transfer mechanism. 
Hot carriers injected into a semiconductor structure interact with 
cold carriers and excite them to higher energy states. This has 
enabled a very long-wavelength infrared response up to 55 μm to 
be achieved, which is tunable by varying the degree of hot-hole 
carrier injection.  

I. INTRODUCTION 

The typical operating principle of a heterojunction 
photodetector is photoexcitation of carriers in the absorber (or 
emitter), and their escape over the barrier by an internal 
photoemission process occurring at the emitter-barrier 
interface.1 The ability for carriers to escape is characterized by 
an internal work function (∆), which is defined as the energy 
difference between the Fermi level of the absorber and the 
band edge of the barrier. This photoemission threshold energy 
is traditionally thought to limit the photoresponse threshold. 
However, modifying the energy distribution of carriers, for 
example by introducing hot-cold carrier interactions, leads to a 
change in this threshold response.  

Hot-carrier dynamics have been the subject of many studies 
in semiconductor physics and devices,2-4 and there has been 
increasing interest in using hot-carrier driven effects for 
photodetection.5-8 Here, we demonstrate an extension of the 
spectral threshold into the very-long wavelength infrared 
(VLWIR) range. A p-type GaAs/AGaAs heterojunction 
detector (Fig. 1) with ∆ = 0.32 eV (or 3.9 µm in wavelength) 
showed a response up to 103 μm. A clear advantage of our 
approach is to minimize the detector noise since the hot-carrier 
concept allows separating the photoemission threshold from 
determining the threshold response.  

II. DEVICE STRUCTURE 

Semiconductor heterostructures based on p-type 
GaAs/AlxGa1-xAs were used to study hot-carrier detection. As 
shown in Fig. 1 (a), they consist of three p-type GaAs regions 
(doped at p = 1 × 1019 cm-3), i.e., an injector, absorber and 
collector, for which the VB alignment is schematically plotted 

in Figs. 1 (b). The injector provides a hot-hole reservoir upon 
photoexcitation. Holes surmounting the barrier are “hot” 
because of their excess energies relative to the band edge of 
the absorber. 

 
Fig. 1  (a) Schematic of the p-type GaAs/AlxGa1-xAs hot-hole photodetector 
structure. (b) Schematic valence-band diagrams (including band bending) 
under negative bias (positive polarity applied on the injector), with a 
comparison of hole photoexcitation and emission without (top) and with 
(bottom) hot-cold hole energy transfer. δEv is the offset between the barriers 
below and above the p-GaAs absorber 

III. RESULTS AND DISCUSSION 

The detector dark current measured experimentally [Fig. 2 
(a)] was fitted well by a thermionic emission model 9 using the 
activation energies arising from the design . 

The photoresponse shown in Fig. 2 (b) was measured at 5.3 
K. The most striking fact is that, a very long-wavelength 
infrared (VLWIR) response is seen up to 55 μm, whilst the 
conventional limit is only 3.9 μm (shaded region) according to 
the value of ∆ of the absorber/constant barrier junction (i.e., 
0.32 eV). Fig. 2 (c) shows the bias dependent spectral weight. 
10 The agreement between λc and ∆ in terms of the spectral 
rule λc = hc/∆ is typically found to be good in a variety of 
detectors, and has been used as a guideline to tune spectral 
response through varying ∆, and to determine band offsets. 
However, the observed VLWIR response threshold in this case 
contradicts the value of ∆ given by spectral rule. 

In general, an observed VLWIR response could be due to a 
bolometric effect, or an impurity-band/free-hole carrier based 
response, both of which are associated with the absorber. 
Possible optical transitions contributing to photon absorption 
by the p-type GaAs absorber in the infrared range include 
impurity band-to-valence band transitions, and intra-/inter-
valence band transitions, both of which are free-carrier type 
effects. We have measured another sample which contains the  
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Fig. 2 (a) Experimental and theoretical dark current-voltage (I-V) 
characteristic for sampe SP1007; the fittings are based on the thermionic 
emission model, with active energies of 032 eV and 0.40 eV for reverse and 
forward biases, respectively. (b) Experimental photoresponse at 5.3 K, and the 
escape-cone model (dashed line) fit, with a reduced threshold energy (∆′) of 
0.012 eV (103 µm in wavelength). The marked arrows are associated with 
GaAs and AlAs-like phonons. Inset: Differential spectral weight (SW) (Eq. 3) 
as a function of bias, showing peaks i, ii and iii. SWpump is calculated using 
λmax = 2.95 μm (i.e., 0.42 eV, the maximum of the graded barrier). 
 
same GaAs absorber, but consisting of symmetrical and 
constant barriers above and below the absorber. The fact that 
this sample does not show the VLWIR response allows us to 
exclude these two mechanisms as a cause of the VLWIR 
response. In addition, the bolometric response, proportional to 
the temperature variation of the absorber upon photon 
absorption and its corresponding resistance change, 
monotonically increases with increasing bias. This effect 
contrasts with the strongly non-monotonically bias-dependent 
VLWIR response observed. As seen in Fig. 2 (b), the observed 
VLWIR response agrees well with a fitting value ∆ = 0.012 
eV (escape-cone model), although the design and Arrhenius 
plot gives ∆ = 0.32 eV. Features associated with GaAs and 
AlAs-like phonons are, however, also well explained by the 
escape-cone model with a value of 0.012 eV (103 μm). 

The hot-cold carrier energy transfer mechanism is in part 
supported by differential photocurrent measurements. The 
short-wavelength portion of light from either a Fourier 
transform infrared (FTIR) spectrometer, or from an external 
optical excitation source (denoted as the “pump”) are an 
essential requirement as they generate the photoexcited hot 
holes that are needed to observe the VLWIR response. The 
pump-excited holes with energies above all of the device 
barriers can be described by a three-dimensional drift model,11 

∆                        (1) 

where  is the pump current. and N(ε) is the concentration 
of holes with energy ε. The electric field F is evaluated across 

the barrier regions. The drift velocity v(F) is associated with 
an empirical fitting parameter - the mobility, which is 
dependent upon both the doped GaAs absorber and undoped 
AlGaAs barriers. Despite its simplicity, Eq. 1 accounts for the 
current-voltage characteristics reasonably well in most 
devices. Taking the derivative of Iph with respect to F gives 

∆
∆

∆       (2) 

in which /  is mainly determined by the image-force 
barrier lowering1 and tilting of the graded barrier by applied 
bias. In the high-field region, the first term of Eq. 2 vanishes 
since v(F) approaches a constant saturation velocity. The 
energy distribution of holes is thus proportional to the 
differential , which consists of photocarriers with different 

energies.  can be evaluated as being proportional to the 
spectral weight (SW) of the response, defined as 

  
                             (3) 

where R(λ) is the spectral responsivity. As seen in the inset of 
Fig. 2 (b), the differential SW displays three distribution peaks 
at -0.12, -0.40 and 0.10 V, which were confirmed by 
photocurrent-voltage characteristics measured using a 
different optical excitation source.  

In terms of hot-carrier spectroscopy,12 the occurrence of 
distribution peaks is a sign of a hot-cold carrier interaction 
which leads to the excitation of cold carriers into higher 
energy states. With increasing negative bias, the slope of the 
graded barrier is reduced (towards a horizontal shape). An 
increase in the injection of hot holes and enhanced hot-cold 
interactions is then expected, which consequently leads to an 
increase in cold holes occupying higher energy states. This 
explains the distribution peak at -0.12 V. When the bias is 
further increased, the electric field is distributed uniformly 
throughout the structure. The lowering of the constant barrier 
by the image-force effect will facilitate the escape of higher-
energy cold holes over the barrier, which leads to another 
distribution peak at higher negative bias (-0.40 V). At such 
high biases, the hot-hole related current is also high, and this 
overwhelms the VLWIR radiation caused photocurrent.  

Observing a positive-bias hole distribution peak (0.10 V) is 
uncommon. A possible reason is the non-linear increase of 
photocurrent with bias due to the asymmetric band alignment. 
However, applying a negative bias leads to the optimum 
VLWIR response, which is much stronger than that observed 
under positive bias. The three distribution peaks depend on the 
structural details of the device, such as the graded barrier 
composition and the barrier offset. As such, an ability to 
control these parameters should lead to tunability of the hot-
hole photodetection.  

The occurrence of the VLWIR response due to a hot-cold 
carrier interaction means that one can tune the degree of hot-
hole injection to control this response. The experimental setup 
shown in Fig. 3 was used to demonstrate the tuning of the 
VLWIR response. A λCO =4.5 μm (corresponding to 0.28 eV) 
long-pass filter is used to prevent the high-energy (> 0.28 eV) 
photons (from a spectrometer) from being incident onto the 
sample. The generation of hot holes is instead enabled using 
an external high-energy light source. For comparison, the 
original wavelength-extended response (without using filter  
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Fig. 3  Experimental apparatus, where the double-side polished semi-
insulating GaAs wafer acts as a beamsplitter. 
 
and external optical excitation source) is shown in Fig. 4. The 
photocurrent, represented by the spectral weight of the 
response, at different levels is shown in Fig. 5 (a).  Fig. 5 (b) 
shows the excitation power spectra. The variation of the 
VLWIR response (at -0.1 V) with the excitation power is 
plotted in Figs. 4 (c), indicating that the VLWIR response is 
enabled by increasing the excitation intensity, demonstrating a 

  
Fig. 4 Variation of spectral weight with bias and wavelength. The 
measurement was carried without using filters and external excitation source. 
 
response tunability through varying the degree of hot-hole 
injection. 

  
 
  

 
Fig. 5  (a) Spectral weights of response obtained using different intensities of optical excitation source (Pext-1 - Pext-4). The left image in the first panel was 
obtained using Pext-1, which is very similar to the case where the external optical source is fully blocked. (b) Power spectra of the excitation optical source 
(incident on the sample with an active area of 260 × 260 μm2). A quartz glass filter is used to enable spectra up to 4.8 μm which ensures the excitation optical 
source is only used to excite hot holes. (c) The dependence of the VLWIR response (at -0.1 V) on the excitation power.  

As an alternative to the bulk p-type doped absorber used 
in this work, a nano-structure, for example a quantum well 
or dot, could be used in order to enhance the hot-carrier 
effect owing to the extended carrier lifetime resulting from 
confinement of the carriers. Also, surface plasmon and 
cavity resonances could be used to enhance further the 
optical electric field and hence the absorption. These would 
be expected to contribute to a significant increase in 
responsivity, as well as an elevated operating temperature.  

IV. CONCLUSIONS 

We have demonstrated an internal photoemission detector 
with response up to 55 μm, which is tunable by varying the 
degree of hot-hole injection.  This has been achieved using a 
GaAs/AlGaAs device with ∆ = 0.32 eV (equivalent to a 3.9 
μm cut-off wavelength). 
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Abstract—In order to achieve low Noise-Equivalent-Powers (NEP 
< 1 aW Hz-1/2) Transition Edge Sensors (TES) require high levels 
of thermal isolation between the superconducting bilayer and the 
heat bath. We propose that short micro-machined acoustic 
interferometers can be used for low-noise thermal isolation, 
avoiding many of the difficulties inherent in conventional, long-
legged TES designs. In this paper, we present a detailed elastic 
wave model of interferometric phononic legs, and demonstrate 
the successful fabrication of TESs that are thermally isolated by 
interferometric structures. 

I. INTRODUCTION 
Low-noise Transition Edge Sensors (TES) require very low 

thermal conductances between the superconducting bilayer 
and heat bath. To date, the lowest conductances have been 
achieved by using long, narrow, amorphous SixNy support 
legs, and relying on diffusive transport to bring about a 1/L 
dependence, where L is the length of the support leg [1,2,3,4]. 
In fact, the conductance scales as 1/N, where N is the number 
of acoustic attenuation lengths along the physical length of the 
structure. To achieve ultra-low Noise Equivalent Powers 
(NEPs) requires long, narrow legs, which brings numerous 
difficulties: (i) It is not possible to densely pack pixels into 
imaging arrays, and so light pipes are needed, but it is 
extremely difficult to produce long, high optical efficiency 
light-pipes at wavelengths of tens of microns. (ii) The legs 
become frail, yields are potentially reduced, and there is 
concern that the legs may not survive the launch of a space 
instrument. (iii) Several groups report conductance variations 
of around ±15% between nominally identical devices on the 
same wafer, and we believe that this may be due to resonant 
phonon localization caused by disorder. The disorder that is 
responsible for the 1/L dependence in the first instance, leads 
to resonant phonon trapping when the cross section of the 
microbridge is made exceedingly small. (iv) The heat capacity 
of the legs can have a marked effect on the electro-thermal 
characteristics of a TES, and therefore low-heat-capacity legs 
are beneficial. Various efforts have been made towards 
controlling conductances by alternative means. Some have 
included roughening the surface of crystalline Si [5], but most 
have been based on large-scale patterning [6,7,8], with varying 
degrees of predictability. In this paper we propose that micro-
machined elastic interferometers can be used to achieve high 
levels of thermal isolation, whilst avoiding many of the 
difficulties inherent in the conventional diffusive approach. 

Initially we considered patterning step discontinuities into 
microbridges so as to produce a form of acoustic Fabry-Perot 
filter. However, the dominant phonon wavelengths are of 
order 1 μm, and so any discontinuities must be abrupt on scale 
sizes of say 0.2 μm. It is not possible to manufacture step 
changes in width with edges that are abrupt on scale sizes of 
significantly less than 1 μm using optical lithography. Other 
techniques such as Focused Ion Beam (FIB) milling are 
available, but we do not see how it would be possible to 
produce a large number of TES pixels, say in an imaging 
array, having near-identical characteristics. We thus conclude 
that Mach-Zehnder-like interferometers are preferable.  

In previous work [9] we demonstrated a range of TESs 
where thermal isolation was limited not by diffusive 
scattering, but by using extremely narrow legs, thus limiting 
the number of elastic modes present. We also ensured ballistic 
transport by making the legs very short (< 4 μm). Crucially, it 
was possible to calculate the heat flow, the temperature 
dependence of the thermal conductance, and the NEP of a 
number of devices simply from knowing the bulk elastic 
constants of the supporting dielectric [9]. This work showed 
that we were able to manufacture and operate TESs having 
tiny leg geometries, that the thermal exchange with the bath 
was dominated by ballistic phonon transport at typical 
operating temperatures of ~ 100 mK, and that conductance 
variation due to localization was essentially eliminated. We 
also showed that for small cross-sections (∼ 700 nm x 200 
nm) the effective number of phonon modes available along 
each leg is close to the theoretical lower limit of 4. The 
devices had thermal characteristics that were entirely 
accounted for by ballistic elastic-mode considerations.   

As the cross-section of a microbridge is reduced, the 
number of propagating modes eventually limits at 4 
(longitudinal, in-plane flexure, out-of-plane flexure, and 
torsion) and our devices were close to this limit, 
corresponding to a limiting NEP of 1 aW Hz-1/2. Phonon NEPs 
of this order are more than sufficient for use in low-noise 
CMB ground-based and space-borne polarimeters. The next 
generation of cooled-aperture far-infrared space telescopes, 
however, require even lower NEPs. Ideally one would like to 
reduce the conductance by at least an order of magnitude, 
whilst maintaining the many benefits of the ballistic, few-
mode approach. 
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In order to provide a predictive tool for modelling the 
behavior of patterned structures, we have developed a 
travelling elastic-wave model of thermal transport, and applied 
it to simulating the behavior of micromachined elastic 
interferometers. In order to know the limits of what can be 
done, it is necessary to know the elastic and inelastic 
attenuation lengths. To our knowledge, there is currently no 
literature on the precise value of the low-temperature acoustic 
attenuation length in thin-film amorphous Si or SixNy, which 
we conclude from our previous results must be greater than 4 
μm. There is also concern that the value will depend on the 
stoichiometry and the presence of impurities, which are 
particularly difficult to control in the case of SixNy. We know 
that legs that are tens of microns long show a 1/L dependence, 
which indicates that there must be a scattering mechanism 
operating on this scale size.  

A central part of our recent work has been to generate a 
model that can take into account ballistic, diffusive and 
localized transport simultaneously, such that it is possible to 
predict the behavior of structures operating in the regime 
where the transport crosses over from being ballistic to 
diffusive. In this paper we present, for the first time, the 
application of the technique to elastic interferometers. We 
discuss some results from our elastic-wave modelling, and 
show how this model gives physically meaningful predictions 
in the ballistic/diffusive regime. It limits to ballistic 
interference when the interferometer is much shorter than the 
attenuation length, and the 1/L dependence of two parallel 
diffusive paths when the interferometer is much longer than 
the attenuation length. We then go on to show how we 
successfully manufactured phononic filters in the support legs 
of TESs. 

II. THEORY 

A. Directed-Flow Graph  
 
The directed-flow graph of a lossless, reciprocal, Mach-

Zehnder-like interferometer is shown in Fig. 1.  The two 

power-dividing junctions (one on the left and one on the right) 
are assumed (although this can be relaxed) to be three-way 
symmetric. We also assume (although this can also be easily 
relaxed) that the power dividers have no spatial extent. This 
simplifying assumption means that differential phase changes 
occur only along the lengths of the two connecting arms.  

The physical lengths of the waveguides in each of the two 
arms, η, are given by, lη, and the transmission coefficients of 
these channels are simply given by the complex exponential 
factors shown in Fig. 1, where q is the wavenumber of the 
propagating elastic mode. Every port, or equivalently every 
plane, has two nodes. The ingoing complex wave-amplitudes 
at a plane are denoted by a vector a, and the outgoing complex 
wave-amplitudes are denoted by a vector b. These are vectors 
to allow for multiple elastic modes to be accommodated. In 
the case of single-mode operation, or where there is no 
intermodal scattering, a and b become scalars. In the case of 
the couplers, unprimed values correspond to the left junction 
and primed values to the right junction. Both power dividers 
have three ports, denoted by the subscripted numbers 1, 2 and 
3. The transmission factors between every node within a 
divider are labeled by the scattering matrix parameters, Sij, 
which denote the transmission coefficients between node i and 
node j. In the case of multiple elastic modes these are block 
matrices. In the right divider, the subscripts are primed. 
Because the dividers are both the same in our case, the primed 
scattering parameters are identical to their unprimed 
counterparts. Values of S for which both subscripted indices 
are equal, Sii, denote the reflection coefficient at port i. It can 
be shown that for a lossless, reciprocal, three-way symmetric 
junction Sii = -1/3 and Sij = 2/3, for all i,j.   

B. Calculating the  Interferometer Response 
 
For any directed-flow graph we can create a vector of all 

complex wave amplitudes v, where v = [a1,…, aN, b1, …,  bN]T, 
and where N is the total number of ports. We wish to solve for 
V =  vv†  given some power input anywhere in the flow 
network. V is a matrix of the cross-correlations between the 

Fig 1  Directed-flow graph of an interferometer. 
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wave-amplitudes at the nodes, and the leading diagonal of V 
gives the power flow at each node. To solve for V, we find the 
transformation matrix, P, such that v → Pv. P projects the 
wave-amplitude at each node onto a space of its nearest 
dependencies. Once we have found P, we use the formalism 
derived by Withington [10] to calculate V for some frequency-
dependent blackbody thermal flux at nodes a1 and a’

1. The net 
thermal flux across any plane, i, is given by Σ| a!a!! −
b!b!

! |, where the sum corresponds to a sum over elastic 
modes. 

C. Absorption and Re-emission 
 
Sections A and B describe a complete model for a lossless 

interferometer. However, in the diffusive regime, a wave 
propagating along a length of microbridge in Fig. 1 will be 
absorbed and re-emitted, creating a temperature gradient 
between the power dividers. To account for absorption and 
phase-incoherent re-emission, we re-construct each arm in the 
directed-flow graph to include a large number of cells 
(typically 50). Each cell is essentially isothermal, and so a 
number of cells is needed to smoothly describe the 
temperature gradient. We illustrate a waveguide of this kind in 
Fig. 2, in which α and β denote wave-amplitudes propagating 
in opposing directions at a plane. The transmission coefficient 
between pairs of neighbouring planes is 𝑔  exp −𝑖𝑞𝑙!/𝑁 , 
where N is the number of cells and 𝑔 is a unitless transmission 
factor < 1. The inclusion of loss simply results in ‘lossy 
ballistic’ behaviour, it does not lead to diffusive transport. To 
accommodate diffusion it is necessary to introduce pair-
correlated sources along the whole length of the structure to 
model the re-radiation of phase incoherent waves by the losses 
in each cell. In the steady state, the total net fluxes at all (N+1) 
planes are equal. We then solve for the temperature each cell 
must have in order to reradiate a thermal flux that maintains 
this steady state condition. For a complete description of how 
this is done refer to Withington [10].  

 

 
Fig. 2  A waveguide with N+1 planes. 

 
When our thermal modelling technique is applied to an 
interferometer, it can be shown that the number of unknowns 
is equal to the number of equations, and therefore that the 
formulation of the problem is well conditioned. Also, in 
practice, we find that the technique converges rapidly and 
reliably even when a large number of cells is used.  

III. SIMULATION RESULTS 

D. Fabry-Perot Response and Resonant Interference 
 

 
Fig 3  Net power spectral density, PSD, against phonon frequency, ν, for two 

blackbodies exchanging power via no interferometer (black line, labelled BB), 
via an interferometer with equal 𝑙! , where l1 = l2 = 2 μm (green line, labelled 
FP) and an interferometer with non-equal 𝑙! , where l1 =2 μm and  l2 = 4 μm 

(blue area plot, labelled MZ). Hot and cold terminations are at 100 mK and 60 
mK, respectively. 

To illustrate the response of an elastic-wave interferometer, 
consider the transmission of only the lowest-order, 
longitudinal acoustic mode of a single 200 nm thick, 700 nm 
wide amorphous SixNy microbridge. Fig. 3 shows the net 
power spectral density, PSD, as a function of phonon 
frequency, ν, for fully ballistic transport across a single 
waveguide (black line, labelled BB), an interferometer with a 
Fabry-Perot response, having both waveguides of equal length 
(green line, labelled FP) and an interferometer with a Mach-
Zehnder-like response, having both waveguides of different 
length (blue area plot, labelled MZ). We can see that for the 
case in which l1 = l2 = 2 μm, there is periodic interference as a 
function of phonon frequency, relative to the case when there 
is no interferometer, even though there is no path-length 
difference between the two arms. This behaviour can be 
explained by the resonant internal reflections from the ports 
within the interferometer. In other words, energy is trapped in, 
and circulates around, the two arms. These higher-order 
internally reflected waves interfere in the same manner as a 
Fabry-Perot filter and reduce the net flux even though the 
arms have equal lengths. The case for which l1 = 2 μm and l2 = 
4 μm shows a greater reduction in net thermal flux, and we see 
additional resonant features. These occur due to the addition 
of interferometric interference, and the greater number of 
differential path lengths within the directed-flow network 
when l1 ≠ l2. For this example, when l1 = l2 = 2 μm, the total 
net flux is reduced by 20.7 per cent, and when l1 = 2 μm and l2 
= 4 μm the total net flux is reduced by 58.9 per cent. 

E. Diffusive Transport 
 
Fig. 4 shows the net PSD transmitted across a single 

waveguide (black dashed line, labelled BB) and an 
interferometer for which l1 = 2 μm and  l2 = 4 μm (coloured 
lines), with hot and cold termination temperatures of 100 mK 
and 60 mK, respectively. The 𝑔 of every cell is calculated by 
setting 𝑔! for the shorter waveguide. To better illustrate the 
behavior of the interferometer, we again include only the 
lowest-order longitudinal mode of a single 200 nm thick, 700 
nm wide amorphous SixNy microbridge. The consequence of 
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decreasing the value of 𝑔! from a highly ballistic case, 
𝑔! = 0.9999, to a highly diffusive case, 𝑔! = 0.001, is 
shown.  In the ballistic limit, we see strongly resonant 
features, as higher order internal reflections remain phase 
coherent. But as 𝑔! decreases, these resonant peaks flatten, as 
one would expect. This occurs not simply due to the reduction 
in the resonator quality factor as a consequence of the losses, 
but also because of the introduction of phase-incoherent re-
radiation by the inelastic losses. In other words, the individual 
arms move over into the diffusive transport regime and the 
interference fringes are lost.   

 

 
Fig 4 PSD against ν for various values of 𝑔! . (Inset) Temperature, T, at 

different distances, L, from the hot termination 

 

 
 

Fig 5 Normalised correlation coefficient, V, between waves travelling in the 
same direction at distances L = L1 and L = L2 from the hot termination. (Top) 

𝑔! = 0.9999 (Bottom) 𝑔! = 0.001. 

The inset of Fig. 4 shows the temperature of an arm as a 
function of position, ΔL, from the hot termination. In the 
ballistic limit the counter-propagating thermal fluxes are only 
lightly coupled to one another, and the losses thermalise 
everywhere at the equilibrium temperature determined by the 
radiation of the two thermal reservoirs. As 𝑔! decreases, the 

temperature becomes position-dependent, we exit the 
equilibrium state, and end temperatures tend towards adopting 
the localised hot and cold temperatures at the respective ends 
of the interferometer. 

The transition from ballistic to highly diffusive behaviour is 
also illustrated in Fig. 5, which shows the normalised 
correlation coefficient between waves propagating in the same 
direction but at different planes. In the ballistic limit, the wave 
at every point along the waveguide is nearly perfectly 
correlated with the wave at every other (not perfectly, because 
there are two incoherent sources: the hot and cold baths). 
However, in the diffusive limit, the propagating waves 
become less correlated with points that are further away: as is 
expected for diffusive transport, where the waves decohere on 
the scale-size of the attenuation length. 
 

F. Thermal Filtering by Interferometers 

 
Fig 6  Integrated net thermal flux, 𝑃, transmitted from a TES with a critical 
temperature of 100 mK to a cold reservoir of temperature, 𝑇! . Results are 

shown for no interferometer, 1 interferometer and 2 interferometers in series. 

Fig 6. shows net thermal flux integrated across all frequencies. 
The net flux is transmitted from a TES of temperature 𝑇! =
  100 mK to a cold reservoir having temperature 𝑇!. We take 𝑇! 
to be the critical temperature of the TES bilayer and the flux, 
𝑃, to be the total net flux for a TES having four identical SixNy 
legs, each 200 nm thick and 700 nm wide. The plot shows the 
case for which there is no interferometer (blue line, labelled 
BB), one interferometer (green line, labelled 1 MZ) and for 
two interferometers (red line, labelled 2 MZ) in series per leg. 
Here, we model thermal transmission for the lowest six 
acoustic modes combined, and for interferometers that operate 
in the highly ballistic transport regime (𝑔! = 0.9999). For 
each mode we calculated its dispersion relationship using the 
elastic modelling technique described in our previous paper 
[9]. We know from this elastic-wave model that the majority 
of thermal power transmitted along a 700 nm x 200 nm SixNy 
microbridge is carried by the lowest 6 modes. In Fig. 6, the 
case having one interferometer used l1 = 2 μm and l2 = 4 μm. 
The double interferometer adds an l1 = 2 μm and l2 = 5 μm 
interferometer in-line with the other. Fitting the empirical 
relation 𝑃 = 𝐾(𝑇!! − 𝑇!) to the fluxes in Fig. 6, we 
determined the thermal constants 𝐾 and 𝑛, and calculated the 
commonly used expression for the thermal conductance, 
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𝐺 = 𝑛𝐾𝑇!!!! [11]. We found that the first interferometer 
reduces 𝐺 by 59 per cent and the addition of a second 
interferometer reduces 𝐺 by 74 per cent. Interestingly, the 
integrated flux becomes difficult to reduce below these levels 
because of perfect transmission at long wavelengths, where 
there is no interference.  

IV. FABRICATION 
 
A crucial question is whether it is possible to manufacture 

interferometric devices of this kind. Using optical lithography, 
we have manufactured TESs with SiNx support legs having 
cross-sections of 700nm x 200nm, and various configurations 
of patterned interferometers. Figure 7 shows an image of two 
of our devices. The left inset shows a leg of a device isolated 
by single interferometers. The right inset shows a leg of a 
device isolated by double interferometers. The left image has a 
Nb wire for biasing the TES. The bias wire has essentially no 
stiffness compared with the dielectric, and therefore does not 
change the dispersion relationships of the elastic modes. Also, 
because it is superconducting, it does not affect the thermal 
conductance. It is pleasing that we have been able to fabricate 
these structures, with TESs, with relative ease using optical 
lithography. We have also fabricated devices with varying 
separations between double interferometers, so as to 
investigate the effect of diffusively phase-decoupling two self-
coherent interferometers on the same leg. Additionally, we 
have fabricated TESs isolated by legs that vary in length from 
4 μm to 60 μm, with the aim of experimentally determining 
the elastic attenuation length of thin SiNx. The results of 
experiments on these devices will be reported in due course. 

 

 
Fig 7 (Main) Image of one of our TESs with single interferometers in each 
leg. (Inset left) Image of a support leg with a single interferometer. (Inset 

right) Image of a support leg with a double interferometer. 

 

V. CONCLUSIONS 
 

We have proposed the use of elastic interferometers for 
providing thermal isolation in low-noise Transition Edge 
Sensors. We believe that these structures could be potentially 
used for many other kinds of device, such as solid-state 
refrigerated platforms and thermally isolated Kinetic 
Inductance Detectors. We have presented a technique for 
calculating the behaviour of a variety of different kinds of 
interferometer operating in the ballistic to diffusive transport 
regime. Our early designs show that the thermal flux can be 
reduced to about 25% of the ballistic four-mode limit, which 
corresponds to NEPs of order 5 × 10-19 W Hz-1/2. We have 
successfully fabricated TESs having a variety interferometer 
designs, and have in fact shown that they are relatively 
straightforward to manufacture using optical lithography 
techniques. This work contributes to understanding how 
phononic structures might be used to limit heat transport in 
low-dimensional devices. 
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Abstract— We discuss the prospects for using graphene as an 

ultrasensitive detector of THz photons. In our analysis, we 

examine two contacting schemes: superconducting contacts 

which make good Ohmic contact to the device and 

superconducting contacts with a thin insulating barrier. We 

perform thermal measurements of large area graphene devices to 

extract information on the electron-phonon coupling in graphene. 

Using these results, we develop predictions for optimum detector 

performance. With ideal biasing conditions and device 

parameters, we find that an NEP of 𝟐 × 𝟏𝟎−𝟏𝟗 𝐖/√𝐇𝐳 should be 

achievable. 

I. INTRODUCTION 

The far-infrared contains the majority of all photons in the 

universe [1]. Transition edge sensors (TESs) [2], kinetic 

inductance detectors (KIDs) [3], and quantum capacitance 

detectors [4] have been successfully developed, but have not 

yet demonstrated the necessary sensitivity to detect single 

terahertz (THz) photons. 

To address the challenge of detecting individual THz 

photons, we propose graphene as the detector element. Due to 

the very low heat capacity of a single atomic layer of carbon 

atoms, a single incident THz photon will substantially raise 

the temperature of the electron system in the graphene layer. 

Unlike a TES or KID, in which the resistance or microwave 

impedance changes following the absorption of a THz photon, 

the resistance of graphene is largely temperature independent 

at cryogenic temperatures. As a result, Johnson noise has been 

proposed as the method to read out the temperature of the 

graphene electron system [5]. 

II. PHOTON DETECTION MODEL 

We have carefully modeled the absorption of a THz 

photon by graphene [6] and have found that, with an 

appropriately small doped graphene device, graphene can 

make an effective single-photon counter for THz photons. In 

order to adequately distinguish between no photons (zero-

photon events) and one-photon events, it is necessary to use a 

graphene sample of sufficiently small area such that the 

absorption of a THz photon raises the temperature of the 

electron system significantly higher than the equilibrium 

temperature, 𝑇𝑏 = 0.1 𝐾. Thus, the device no longer behaves 

linearly. This is seen in the different widths of the two 

theoretical detection histograms plotted in Fig. 1. 

The performance of this detector depends critically on 

graphene having a very low thermal conductance. This allows 

slow decay of the elevated electron temperature, giving a 

longer measurement time for a more accurate measurement of 

the average temperature rise, T. Superconducting contacts 

can contain the hot electrons in the graphene, constraining the 

system to relax through the slow electron-phonon process. 

With non-superconducting contacts, hot electrons rapidly 

diffuse out of the graphene [5]. The strength of the electron-

phonon coupling has been measured by various groups. Their 

results vary considerably [5,7,8]. 

 

 
Fig. 1: Theoretical normalized histogram of counts of THz photons by the 

graphene detector described in [6]. Value of Σ in (1) is taken to be Σ =
0.5 mW/K4m2 as reported by [8]; we take n = 1012 electrons/m2, A = 5 µm2.  
Detector response is the measured temperature rise, in K, averaged over the 

pulse.    

 

III. JOHNSON NOISE MEASUREMENTS OF ELECTRON-PHONON 

COOLING 

To establish the viability of graphene as a THz photon 

detector, we have performed Johnson noise thermometry 

measurements of graphene samples. These measurements 

probe the thermal conductance of graphene down to sub-

Kelvin temperatures. The devices are fabricated with 
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superconducting contacts with the goal of preventing out-

diffusion cooling the electron system. We use commercially-

available CVD-grown graphene to lithograph large areas of 

graphene, allowing us to emphasize the contribution of 

electron-phonon cooling in our measurements. We report the 

results of these measurements and the performance that should 

result. Using the thermal cooling model of  

 𝑃eph = 𝛴𝐴(𝑇4 − 𝑇0
4), (1) 

expected for clean graphene devices [6], we extract a value of 

Σ = 30 mW/K4m2, with the fit shown in Fig. 2.  Here 𝑛 =
2.4 × 1012/m2.  The electron-phonon thermal conductance is 

Geph  = dPeph/dT.  These data indicate that Σ = 19 mW/K4m2 

for n = 1012/m2; for that value of Σ the histograms for single-

photon detection would partially overlap (see Fig. 1). 

 
Figure 2: Average electron temperature as a function of DC Joule heating 

power, calculated from device resistance 𝑅. The dashed line is a calculation of 

electron temperature using the device resistance, heating power, and Σ = 30 

mW/K4m2; n = 2.4 x 1012/m2.  Numerical calculations [9] demonstrate that 

the low temperature limit is valid below 𝑇BG/4, where 𝑇BG is the Bloch-

Gruneisen temperature. For this measurement, 𝑇BG ≈ 85 K; 𝑇BG/4 is denoted 
by a solid horizontal line. 

IV. CONCLUSIONS 

 

We have developed projections for device performance 

based on our measurements for two device geometries—

graphene contacted with transparent superconducting contacts 

(SNS) and graphene contacted with superconducting contacts, 

but with a tunnel barrier in between (SINIS). In neither 

geometry is graphene found to be an effective counter of 

single THz photons. The relatively high electron-phonon 

coupling results in a readout noise greater than the photon 

signal.  

Power measurements of a relatively weak THz signal 

(count rate ≤ 105/s) can be performed with high sensitivity 

using a graphene detector with superconducting contacts. In 

Table 1, the performance of both types of detectors is 

summarized. 𝑇0 is the base temperature.  The values of NEP 

quoted are for device NEP including readout noise, but do not 

take into account possible optical or antenna inefficiencies. 

Both Johnson noise thermometry with a 1 GHz readout, and 

low-frequency measurements of 𝑅(𝑇) employing a SINIS 

junction, can allow for very sensitive measurements of THz 

photon power. There remain challenges of device fabrication 

for eventual implementation in a detector. 

V. ACKNOWLEDGMENT 

 

The research of BSK was carried out at the Jet Propulsion 

Laboratory, California Institute of Technology, under a 

contract with the National Aeronautics and Space 

Administration.  The work at Yale was supported by NSF 

Grant DMR-0907082, an IBM Faculty Grant, and by 

Yale University. Facilities use at Yale was supported by 

YINQE and NSF MRSEC DMR 1119826. X. Du and H. 

Vora acknowledge support from AFOSR-YIP Award 

No. FA9550-10-1-0090. 

 

TABLE I 

CALCULATED OPTIMUM PERFORMANCE FOR GRAPHENE DEVICES 

Noise properties for power measurement 

Device 

Configuration 

Cryogenic 

Amplifier 

      NEP 

    (𝐖/√𝐇𝐳)  

SINIS 

𝑇c = 0.45 K 

300 μm2 

𝑇0 = 100 mK 

Low frequency 

current 

amplifier 

2 × 10−19 

SINIS or SNS 

𝑇c ≥ 9 K 

400 μm2 

𝑇0 = 50 mK 

Microwave 

amplifier,        

1 GHz,  

𝑇N = 0.3 K 

7 × 10−19, 
 𝐵 = 10 MHz 

2 × 10−19,  
𝐵 = 100 MHz  
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Abstract—We have discussed possible reasons of scatter in the 

specific capacitance measurement results reported by different 

authors. This observed scatter of the measurement data at higher 

critical current densities (lower RnA values) could be due 

variation of the tunnel barrier thickness within the same junction 

realized in various laboratories. We have shown this through 

modelling of the tunnel barrier as discrete areas of n, n-1 and n+1 

monolayers. This results in a spread of the SIS junction specific 

capacitance for the same current density. Also, the reported data 

difference could be a consequence of the high uncertainty of the 

measurement methods. We developed and demonstrated a 

measurement method proved to provide a high accuracy in 

characterization of SIS junction capacitance. At the conference, 

we will present modelling and the data for direct measurement of 

SIS junction specific capacitance and compare these data with 

the earlier reported measurements. 

 
Superconductor-Insulator-Superconductor (SIS) mixers 

have been a workhorse in radio astronomy receivers for the 
last few decades. SIS mixers with Nb/Al-AlOx/Nb trilayer are 
commonly recognized for their lowest-noise performance at 
operating frequencies up to 1 THz [1]–[3].  

The SIS junction is produced by means of thin film 
technology and topologically resembling a parallel-plate 
capacitor. The performance of the SIS mixer is largely 
dependent and limited by its intrinsic capacitance. To design 
accurate RF tuning circuits and thus obtaining optimum 
sensitivity, the junction capacitance needs to be accurately 
known. 

The limitation of these junctions is at high current densities 
(Jc>20 KA/cm2 or RnA<10 Ω.cm2) that is accompanied by 
higher subgap (leakage) current. The increased subgap current 
is a result of emergence of areas across the barrier with 
sufficiently high transmittance where multiple Andreev 
reflections may contribute to this extra current [4],[5]. 
Therefore, at low RnA, increased leakage current indicates a 
more pronounced impact of barrier nonuniformity on junction 
characteristics. This thickness distribution is also directly 
observed through advanced microscopy techniques; see for 
example [6]. In [6], it is concluded that in thin barrier 
junctions, it is only a small percentage of the junction area 
(<10 %), which contributes to the most of electron tunnelling 
current across the barrier. This is a consequence of the 
exponential dependence of the tunnelling current on the 
barrier thickness where the nonuniformities create active 
regions which contribute the most to the tunnelling current.  

It is natural to represent the barrier thickness as a discrete 
variable corresponding to the integer number of oxide 
monolayers. At very high current densities, the thickness 
reaches down to few monolayers [4]. The barrier thickness 
nonuniformity directly affects the junction intrinsic 
capacitance. Since the details of the barrier thickness 
distribution, as well as its dielectric permittivity, are generally 
unknown, the junction capacitance needs to be measured 
accurately.  

In Fig. 1, we summarized the data experimentally obtained 
for measured specific capacitance (Cs) as a function of RnA. 
These measurements were performed using various methods 
for the SIS junctions produced in different laboratories. As an 
example, van der Zant et al. [7] measured the capacitance of 
one-dimensional parallel Josephson junction array using Fiske 
steps method and has shown that over the range of 
measurements (RnA>10 Ω.µm2 and Jc < 20 kA/cm2), Cs 
changes linearly with Jc, Cs=0.0037Jc+37 (Cs in fF/µm2 and Jc 
in A/cm2). Fig. 1 presents this linear relation assuming 
Jc=πVg/4(RnA). Van der Zant et al. pointed out that the 
extrapolation of the linear fit beyond the measurement range 
becomes erroneous at RnA<10 Ω.µm2. Lea et al.[8] also used 
the Fiske steps method to measure a wide range of specific 
capacitances which resulted in an exponential fit 
Cs=49.0exp(0.0002Jc) (Cs in fF/µm2 and Jc in A/cm2). This 
exponential fit significantly deviates from the rest of the rest 
of the measurements, see dashed line in Fig. 1.  

Maezawa et al. [9] measured the specific capacitance of 
Josephson junctions by means of SQUID resonance method. 
The authors fitted the measurement results by assuming 
uniform barrier height and uniform thickness, which yielded 
Cs=1/(0.47-0.047log(1/ RnA)) (Cs in µF/cm2 and RnA in 
Ω.cm2), c.f. Fig.1. It can be observed that the results from 
Maezawa et al. and van der Zant et al. are very close; 
however, diverging when reaching RnA<20 Ω.µm2 . 

Fig. 1 clearly shows that the specific capacitance data 
measured by different authors significantly scatters. 
Noticeably, the difference in the measured specific 
capacitance increases when approaching higher current 
densities/barrier transparencies. Inspired by [4],[7], we suggest 
that it is the barrier thickness nonuniformity, which is 
responsible for the scattering of the specific capacitance 
measured by different authors. 
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Apart from the barrier thickness nonuniformity, the 
methods used for the SIS junction capacitance measurements 
themselves have high uncertainty. This is mainly due to 
assumptions made in the employed models regarding the 
material parameters, e.g., London penetration depth in Nb 
films, the relative permittivity of the sputtered dielectric film 
and its thickness. In order to uniquely define the specific 
capacitance, specifically at low RnA values, accurate and 
direct characterization of the junctions is required. 

We have developed a method for the direct measurement of 
the SIS junction capacitance [10]. In this method the one-port 
S-parameter of the junctions are measured at cryogenic 
temperatures over IF frequencies of 2-6 GHz. The calibration 
is performed by using the junction biased at the gap voltage 
which represents a short-circuit reference. In order to see the 
effect of the capacitance, the junction is biased at the subgap 
voltage where the differential resistance is the highest. The 
time-gated S11 of the junction biased at the gap and the 
subgap is recorded. Then an equivalent circuit-model 
representing the two measurements is set to extract the 
junction capacitance. In these measurements, the absolute 
uncertainty is reported to vary between 5-6.8% amongst 
different junction areas.  

Fig. 1 shows the data points (diamonds) for the junctions of 
different areas obtain by our direct capacitance measurement 
method [10]. Fig. 2 shows the measured SIS junction 
capacitance versus junction area. The fitted line slope in this 
figure gives the specific capacitance of the junctions.  

Worth mentioning, our specific capacitance measurement 
points and the data point from [11] reasonably follow the 
relation Cs=0.3/ln(RnA) where Cs is in pF/µm2 and RnA in 
Ω.cm2 [12].  

The observed spread of the Cs data especially at the low 
RnA end can be illustrated by modelling the barrier thickness 
as discrete number of n, n-1 and n+1 monolayers of the barrier 
oxide, n=d/d0; d is the barrier thickness and d0 is the 
monolayer . The Rn, Rn-1 and Rn+1 are calculated for the 
fractions An, An-1 and An+1 of barrier area. The Rn is calculated 
using the tunnelling theory [13] with assumption of uniform 
barrier height and uniform barrier thickness for each given  
An. The total R is calculated as a parallel connection of 
resistance from areas with different barrier thicknesses with 
their corresponding Rn, Rn-1, and Rn+1. For the modelling the 
initial value of barrier height was set to 2  eV for the 1.35 nm 
barrier thickness [14]. The relative permittivity of the oxide 
layer is chosen to εr=8 for the calculation of the specific 
capacitance [15]. We could easily observe that the very similar 
resistances of the barrier could be realized by the different 
combinations of An, An-1 and An+1, resulting; however, in the 
noticeably different capacitance values (circles with illustrated 
n number of monolayers at Fig.1). At high RnA end this 
difference was minor, however, at the lower RnA end, the 
difference was quite noticeable, partly explaining the 
differences in Cs(RnA) relations obtained by the different 
authors.   

At the conference, we will present the method and results of 
the direct measurements of the SIS junction specific 
capacitance for the lower end of the RnA range. 

Summarizing, in this paper, we discuss possible reasons for 
the observed differences in the measured specific capacitance 
Cs for the SIS junctions of the same RnA for Nb/Al-AlOx/Nb 
superconducting tunnel junctions. We suggest the observed 
scatter is due to the difference in the barrier thickness and its 
distribution across the junction area realized in the different 
labs. We illustrate the suggested mechanism with a model 
assuming the tunnel barrier as a composition of monolayers. 
Finally, we present the direct measurement of the SIS specific 
capacitance and compare the result with the earlier reported 
numbers.  

 

 
Fig. 1. The comparison of the available specific capacitance data of the 
Nb/Al-AlOx/Nb SIS tunnel junction as a function of RnA value. The lines 
show the reported fitted curves obtained from experimental data amongst 
various laboratories. The filled diamonds are experimental points from our 
direct capacitance measurement method for RnA=33.1 Ω.µm2. One data point 
(square) from Lee et al. is also presented. The modeling result (empty 
diamonds) is also presented for the (n) number of monolayers thickness. 

 

Fig. 2. The measured capacitance values for SIS junction with four different 
areas using [10]. The linear trendline shows the specific capacitance of 
73.1 fF/µm2. 
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Abstract— SOFIA’s High-resolution Airborne Wideband Camera 
is being upgraded (HAWC+) to increase its mapping speed by an 
order of magnitude, add new filters, and enable polarimetry. The 
mapping speed is improved primarily by increasing the number 
of pixels from 384 to 2,560. Sensitive polarimetry is enabled by 
using two focal plane arrays, one per polarization, in a 
differential mode. These two focal plane arrays must be able to 
operate across wavelength bands from 50 to 250 microns, and 
accommodate optical power varying over more than two orders 
of magnitude. In each focal plane array package, two individual 
32x40 arrays of superconducting transition edge sensor 
bolometers are bump bonded to a SQUID multiplexer readout. 
The packages are compact, robust, light-tight, magnetically 
shielded, and connectorized for modularity. We present key 
aspects of the design and early measurements. 
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Abstract— For all high-performance detectors, well-understood 

optical test systems are needed for precise characterisation and 

calibration. A cryogenic variable temperature blackbody load 

has been developed to test the optical efficiencies of ultra-low-

noise (NEP ~ 10-19 WHz-1/2) Transition Edge Sensors for space 

science. The few-mode, partially coherent illumination conditions 

of the measurement system are engineered to be precisely the 

same as those of the telescope. We have used a SPICA/SAFARI-

like telescope/detector for demonstration purposes. The essential 

difference between the test system and an equivalent 

representation of the telescope’s optics is that the telescope has a 

lens of effective focal length f, but the test system does not. A key 

part of our analysis is to describe behaviour in terms of the 

optical modes of the test system, as distinct from the optical 

modes of the detector under test. In the paper we describe the 

analysis of the test assembly in terms of signal power, 

background power and photon noise.  

I. INTRODUCTION 

A cryogenic optical test system has been developed to 

measure the optical efficiencies of ultra-low-noise Transition 

Edge Sensors (TESs). Such detectors are essential for the next 

generation of cooled-aperture space telescopes and 

interferometers. The detectors comprise a planar 

superconducting absorber behind a few-mode far-infrared 

lightpipe, and operate with NEP’s as low as 2 × 10
-19  

W Hz
-1/2

 

at 70 mK. A variable temperature (4 K to 25 K) black-body 

load illuminates the detector under test through a sequence of 

band-defining optical filters, and the throughput is determined 

by an aperture, which is designed to illuminate the detector 

with an optically clean beam. We are working on three 

different frequency ranges, each of which has its own band-

defining filters: L-Band 210-110 µm, M-Band 110-60 µm and 

S-Band 60-34 µm [1].  

It can be shown that the modes of an optical system 

comprising an aperture, a thin lens and an aperture 

corresponding to the footprint of the detector, are precisely the 

same as those of an optical system comprising two apertures 

of the same size that maintain the same physical opening 

angle, but without the thin lens. The absence of the thin lens 

does not alter the transformation of blackbody sources. This is 

because a lens can be seen as a transformation of phase, while 

the phases of blackbody field are essentially, at least over 

distances of greater than a wavelength, random. By avoiding 

the use of lenses, a very clean partially coherent optical beam 

can be established. For our tests we adopted the effective focal 

ratios of the SPICA telescope: 16.5 for L-Band, and 20 for M-

Band and S-Band [2]. Thus the test system presents precisely 

the same partially coherent illumination conditions as the 

telescope itself.  

Fig. 1 shows a schematic representation of the test 

assembly. A Variable Temperature Load (VTL) is used as 

blackbody source. The VTL is based on a gold-plated copper 

disk connected to an outer case by 3 Kevlar strings, which in 

turn is connected to the cryostat [2]. The low thermal 

conductance of the Kevlar guarantees thermal decoupling of 

the blackbody source from the cryostat [3]. The temperature of 

the VTL is controlled through the use of 3 heating resistors 

glued on the surface of the disk and monitored by a calibrated 

thermometer buried inside the disk. Finally the VTL is 

connected to the 4 K stage of the cryostat through a copper 

strap, which determines the thermal relaxation time of the 

load. 

 
Fig. 1 The mechanical drawing of the main parts of the optical test system 
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The blackbody radiation generated by the VTL illuminates 

the detector through a series of band-pass filters (one set for 

each band) and a circular aperture. The distance between the 

aperture plane and the detector plane, l, is 10.75 mm. To 

achieve the same focal ratios for the 3 wavebands of SAFARI, 

aperture sizes of 651.5 µm for L-Band, and 537.5 µm for M-

Band and S-Band are used. 

The thermal load generated by the VTL is potentially high 

and can influence the behaviour of the cryostat, especially at 

elevated temperatures (e.g. 25 K), therefore the load cannot be 

connected to the same stage as the detectors and optics 

(70 mK stage). The outer case of the VTL is connected 

directly to the magnetic shield (a cylinder that surrounds the 

entire assembly), which is thermally anchored to the 4 K 

stage. To further reduce the heat load on the 70 mK stage, an 

IR filter has been introduced at 4 K. The coaxial symmetry of 

the system helps guarantee the alignment of the VTL with the 

optics and lightpipe. This solution leaves an air-gap (shown in 

red) between the main body of the filter stack and the VTL, 

thermally decoupling the two. To minimize the possibility of 

stray light leaking in through this gap, a system of baffles has 

been introduced. Finally, many of the surfaces were blackened 

to minimize unwanted reflections that could potentially lead to 

light leakage and standing waves. 

In a previous paper, we presented a comprehensive multi-

mode model of the SAFARI/SPICA telescope in the few-

mode limit [4]. In this model, the optical system was 

characterised by a set of natural optical modes. The forms of 

the modes, and their individual transmission efficiencies, were 

determined by using classical paraxial optics, based on plane 

waves, to calculate the Point Spread Function (PSF) as a 

function of the direction of a point source on the sky. All that 

is necessary to find the modes is to establish a matrix where 

each column corresponds to the complex field at the detector 

plane when a point source is in a particular direction on the 

sky, and each column corresponds to a sampled raster of 

directions. This matrix is then factored through Singular Value 

Decomposition (SVD) to give the modes of the optical system: 

as distinct from the optical modes of the detector. Note that 

SVD is needed because the angular distribution of an 

incoming field on the sky is in a different Hilbert space to that 

of a spatial field across the image plane. The natural modes of 

the optical system can then be used together with the modes of 

the detector to calculate all aspects of behaviour including 

signal power, photon noise power and stray light. 

The same technique has been applied to modelling the 

behaviour of the test system; in this way we can ensure that 

measurements carried out with the test system are truly 

representative of the partially coherent behaviour of the few 

mode optical system of SAFARI. Calculations of optical 

throughput, total power loading of the detectors by the source, 

and photon noise from the source and baffle have been carried 

out for all wavebands. It has been shown that the modes and 

modal throughputs of the test system are identical with those 

of the SAFARI/SPICA optics. The test system provides near 

identical optical performance to that of the telescope itself. 

II. RESULTS 

A. Optical Modes of the Test System 

The VTL can be modelled as producing the same 

electromagnetic field at the aperture as a black body in the far-

field, but limited spectrally by the filter stack.  The diffraction 

integral can then be used to propagate this field to the plane of 

the detector. After passing through the aperture, a diffraction 

integral can be used to calculate the field across the footprint 

of the input of the detector. For the telescope, the detectors are 

in the far field of the throughput-defining aperture, whereas 

for the test system, the detectors are in the near field, thus no 

simplifications are possible in the analysis. In particular, to 

calculate the PSF, it is necessary to use full numerical 

diffraction integrals rather than relying on expressions taken 

from Fourier optics. The most straightforward method is to 

numerically calculate the fields on the focal plane. To do so, a 

matrix T is populated as a propagator. Each column of T 

comprises the sampled Point Spread Function (PSF) across the 

footprint of a pixel when a plane wave arrives from the 

blackbody source from some particular direction. Different 

columns correspond to different directions. The optical modes 

can then be determined by decomposing the propagator T 

using Singular Value Decomposition (SVD): T = Σnσnunvn
*
, 

which represents the fact that a set of angular beam patterns, 

vn, maps onto a set of spatial fields in the detector plane, un, in 

one-to-one correspondence with weighting factor σn. The vn 

and un correspond to the natural modes of the optical system, 

and σn
2
 corresponds to the optical efficiency of optical mode n 

at a certain wavelength [4].  

 

B. Power Loading from Source 

The blackbody power loading at the detector plane, over the 

spatial footprint of the input aperture of the detector, can be 

calculated by integrating the blackbody radiation scaled by the 

efficiencies,|𝜎𝑛|
2, of the optical modes over the wavebands: 

 

𝑃(𝑇) = ∑ ∫ 𝜂𝑛
𝑜𝑝𝑡(𝜈)

2ℎ𝜈

exp(
ℎ𝜈
𝑘𝑇

)−1
𝑑𝜈

𝜈𝑚𝑎𝑥

𝜈𝑚𝑖𝑛
𝑛 ,              (1) 

 

where 𝜂𝑛
𝑜𝑝𝑡(𝜈) is  the throughput of the optical mode, 𝑛, at 

frequency 𝜈 . The total power absorbed by the detector, 

assuming that a perfect TES absorber is used, can be 

determined by including the coupling efficiency 𝜂𝑖
𝑐𝑝𝑙(𝜈) 

between the optical modes and lightpipe modes [4]: 

 

𝑃(𝑇) = ∑ ∑ ∫ 𝜂𝑖
𝑐𝑝𝑙(𝜈)𝜂𝑛

𝑜𝑝𝑡(𝜈)
2ℎ𝜈

exp(
ℎ𝜈
𝑘𝑇

)−1
𝑑𝜈

𝜈𝑚𝑎𝑥

𝜈𝑚𝑖𝑛
𝑛𝑖 ,      (2) 

 

where 𝑖 denotes the index of the lightpipe modes.  

C.  Photon Noise from Source 

It has been shown that when a power measurement,  𝑊, is 

made on a partially coherent statistically stationary radiation 

field, the expectation value of the measurement, 𝐸[𝑊], can be 

found in terms of the cross spectral density of the radiation 

and a tensor that characterises the detector response [5]. The 

covariance between the fluctuations between the outputs of 

two pixels, a and b, is 𝐶[𝑊𝑎 ,𝑊𝑏] . It comprises the noise 
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associated with classical bunching and the noise due to photon 

counting: 𝐶[𝑊𝑎 ,𝑊𝑏] = 𝐶[𝑊𝑎,𝑊𝑏]𝑐 + 𝐶[𝑊𝑎 ,𝑊𝑏]𝑞 [6]. The 

first term corresponds to classical noise, and the second term 

to the quantum noise, with  

𝐶[𝑊𝑎,𝑊𝑏]𝑐 =
1

𝜏
∫ 𝑇𝑟{𝐾𝑎𝐾𝑏}
𝜈𝑚𝑎𝑥

𝜈𝑚𝑖𝑛
[

ℎ𝜈

exp(
ℎ𝜈
𝑘𝑇

)−1
]

2

𝑑𝜈,    (3) 

and  

 

𝐶[𝑊𝑎,𝑊𝑏]𝑞 =
𝛿𝑎𝑏

𝜏
∫ 𝑇𝑟{𝐾𝑎}
𝜈𝑚𝑎𝑥

𝜈𝑚𝑖𝑛

(ℎ𝜈)2

exp(
ℎ𝜈
𝑘𝑇
)−1

𝑑𝜈,       (4) 

 

where 𝜏  is the integration time, and 𝐾  are matrices that 

characterise the optical behaviour of the system, e.g. the 

optical throughputs of the optical modes, and the coupling 

efficiencies between the optical modes and the waveguide 

modes. Only classical noise can result in correlations between 

the outputs of two different pixels. By setting a=b we get the 

fluctuation noise in the output of a single pixel. 

D. Power Loading from Baffle 

The temperature of the throughput-defining aperture is 

70 mK in the test system. It is crucial to understand how much 

power from the baffle is seen by the detector. As it is 

concerned that if loading and noise from baffle will dwarf 

signal of interest. A simplified calculation of baffle loading 

and noise has been carried out under the following 

assumptions: (i) the baffle is a continuous sheet with uniform 

temperature T; (ii) the detector is a perfect absorber with area 

A; (iii) the detector is sensitive to frequencies ranging from 

the cut-off frequency of the waveguide to infinity, as there are 

no band-defining filters between the baffle and the detector. 

Then the upper-limit to the power loading from the baffle is 

given by   

 

𝑃(𝑇) = ∫
𝐴Ω

𝜆2

ℎ𝜈

exp(
ℎ𝜈

𝑘𝑇
)−1

𝑑𝜈
∞

𝜈𝑐
,                        (5) 

 

where Ω is taken to be 2π steradians, as the detector only sees 

power in the forward direction. Usually this loading can be 

considered insignificant if the temperature of the baffle is 

sufficiently low. 

III. RESULTS 

The above scheme provides an elegant numerical formalism 

for modelling the performance of the optical test system. 

Summarising results are presented to illustrate the 

effectiveness of the method.  

A. Optical Modes 

Fig. 2 shows the optical modes of the test system using the 

detector footprint of SAFARI L-Band at the central 

wavelength, 160 µm. The intensity beam patterns (top) map 

onto the intensity focal plane modes (bottom) in one-to-one 

correspondence. The first, second and fourth optical modes are 

shown left to right, and the second and third modes are 

degenerate with their spatial forms rotated by 90 degrees.  By 

comparing the optical modes of the test system with those of 

the equivalent telescope, it has been shown that the optical 

modes and their individual throughputs are the same. Fig. 3 

shows the associated modal throughputs. The sum of the 

modal throughputs is 0.289, which corresponds to the usual 

definition of overall throughput. Indeed, for the telescope, the 

sum of the spectral throughputs is also 0.290.  

 

 
Fig. 2 Optical modes of the test system at 160 µm 

 

 
Fig. 3 Spectral throughputs of the 10 dominant optical modes over 

SAFARI L band at 160 µm 

 

B. Power Loading from Source 

Fig. 4 shows the power loading of the source on the 

detector as a function of the temperature of the VTL for L-

Band. The top curve corresponds to power arriving at the focal 

plane over the spatial footprint of a pixel, and the bottom 

curve corresponds to the total power incident on the absorber 

after having passed through the lightpipe. The ratio of the two 

is the coupling efficiency between the power in the optical 

modes and the power in the lightpipe modes.  

C. Photon Noise from Source 

Fig. 5 shows the noise power spectrum against frequency at 

4 K for L-Band. The classical noise is extremely small 

compared with the photon noise, as would be expected at these 

wavelengths and temperatures. The noise power spectra at 

higher temperatures have also been calculated. It is found that 

that classical noise is much smaller than photon noise across 

the all of the SAFARI wavebands, and therefore source-

induced correlations between the outputs of two different 

pixels in an array can be neglected. 
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The total noise power can be calculated by integrating the 

noise power spectrum over the band. Fig. 6 shows the noise 

power level for L-Band as a function of temperature. The 

same procedures for calculating the noise levels were carried 

out in the case of the telescope’s optical system to ensure that 

the two set of results are comparable. 

 

 
Fig. 4 Signal power in the L-Band as a function of source temperature 

 

 
Fig. 5 Noise power spectra density across L-Band at 4 K  

 
Fig. 6 Total noise power in L-Band from the blackbody source  

 

The total noise power can be calculated by integrating the 

noise power spectrum over the band. Fig. 6 shows the noise 

power level for L-Band as a function of temperature. The 

same procedures for calculating the noise levels were carried 

out in the case of the telescope’s optical system to ensure that 

the two set of results are comparable. 

D. Power Loading from Baffle 

Fig. 7 shows the upper-limit baffle power level up to 4 K 

for L-Band. At 70 mK, the power loading from baffle is of 

order 10−18  fW, which is insignificant compared with the 

power loading from source. However, the power loading from 

the baffle increases rather rapidly with temperature, as a 

consequence of the upper frequency allowing for a large 

number of optical modes. Thus, it is crucial to keep the 

temperature of the baffle low.  

 

 
Fig. 7 Upper-limit power loading from baffle for L-Band  

 

IV. CONCLUSIONS 

We have developed an optical test system for ultra-low-

noise Transition Edge Sensors. Crucially, we have, to our 

knowledge, for the first time established a theoretical and 

numerical model that is based on the natural optical modes of 

the test system, as distinct from the optical modes of the 

detector. We have shown that if the geometric focal ratio of 

the test system is that same as that of the equivalent optical 

system of the telescope, the optical modes and their individual 

throughputs are the same. This occurs even though the 

telescope has an effective thin lens whereas the test system 

does not. Thus the partially coherent illumination conditions 

are identical in both cases. We have also gone on to calculate 

the noise in the test system, and shown that based on photon 

noise alone the signal to noise ratio of our measurements will 

be high. Although we have described the technique in the 

context of SAFARI-like detectors, we believe that describing 

the behaviour of test systems in terms of modes will be 

valuable for many different instruments.  
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Abstract—We have built a set-up to measure the spectral 
response of sensitive Transition Edge Sensors (NEP ~ 0.5x10-18 
W/√Hz) in the frequency range from 1 to 10 THz. The TES 
sensors are designed to operate in the SAFARI instrument on 
board of the proposed SPICA mission. Key within this mission is 
a cooled telescope (~ 6K) with very low thermal emission. With 
very low-noise detectors, the instrument noise level is only 
limited by the intrinsic far-infrared background emission from 
the universe. To characterize the detectors we therefore have to 
use a test set-up with extremely low thermal background (< 4K) 
and very low (~ fW or smaller) thermal calibration powers. The 
TES sensors are operated at 70 mK and the sensor is placed in a 
horn-coupled integrating cavity. To measure the spectral 
response of the detectors we have developed a cryogenic 
measurement system with a light pipe that couples radiation 
from a room temperature Fourier Transform Spectrometer to 
the device. The cold attenuation of the light pipe system is of 
order 60 dB and the coupled power to the device is a few femto-
Watts. This system works well and we have analyzed the spectral 
response of a detector in the short wavelength band of SAFARI 
(34-60 m) and a broadband reference detector that operates 
from 30-300 m . 

I. INTRODUCTION  

HE SAFARI instrument on the proposed SPICA mission 
is an imaging Fourier Transform Spectrometer with arrays 
of Transition Edge Sensors (TES), covering the 34-210 

m wavelength range [1]. SPICA will have a cooled 6-kelvin 
telescope, and the noise performance of the instrument is 
limited by the far-infrared sky background radiation. This 
translates to required sensitivities of the detector arrays of a 
few times 10-19 W/√Hz. The dynamic range of TES detectors 
with this sensitivity is of order 104, resulting in saturation 
powers in the femto-watt range. For comparison: the 
background limit for ground based telescopes at THz 
frequencies is of order 10-15 to 10-14 W/√Hz, 40 to 50 dB 
higher than what can be achieved with a cold telescope in 
space! For characterization of the instrument one needs a 
detailed picture of the spectral and temporal response of the 
detector. The spectral response of the pixels is determined by 
the optics and band-defining filters in front of the pixel and 
the details of the horn-coupled cavity in combination with the 
TES pixel (Fig.1). The extremely low levels of acceptable 
radiation powers give rise to challenges in the detector 
calibration. In order not to saturate the detectors one can only 
use cryogenic black-body radiators internal to the cryostat, 
operating in a temperature range from 4 K to 30 K.  
 

 

 

  
Figure 1. Left: Cross-section of feedhorn and hemispherical 
backshort showing position of detector.  The diameter of the 
hemispherical backshort is 500 μm. Right: Photograph of detector 
sitting above hemispherical backshort.  The absorber is a thin Ta film 
with a sheet resistance close to 377 ohm. The white circle in the 
lower left-hand corner indicates the size of the feedhorn’s exit 
aperture. 
 
Radiation from a 300-K black-body should be attenuated by a 
factor of at least 106 to reach the allowable power levels. 
Contrary to ground based detectors, the optical access to the 
detectors via windows and heat filters in the cryostat is 
therefore almost impossible. For this purpose we have 
developed a test cryostat with an internal cryogenic calibration 
source and with the possibility of coupling room temperature 
sources via a 4-mm diameter stainless steel light pipe to the 
detector [2]. This test cryostat is used to measure the noise 
performance and the spectral response of the detector arrays.  

II. EXPERIMENTAL SET-UP 

We obtained the measurements described here with a room 
temperature Fourier Transform Spectrometer (FTS), 
connected to the entrance port of the light pipe. The FTS has a 
900-K globar as broadband source (mechanically chopped at 1 
to 40 Hz). The FTS is operated in a step-scan mode and a 
lock-in technique is used to measure the interferogram. The 
light pipe runs from the top of the cryostat via a periscope-like 
construction to a multi-port spherical reflecting summing 
cavity at 4 K (see Fig. 2). The exit port of this integrating 
cavity radiates via another piece of light pipe and a 400 m 
diameter pinhole towards the TES detector to be measured.  
Only a small fraction of the power entering the scattering 
cavity will actually be radiated towards the TES detector, and 
we can further adjust the power level with 4-K pinholes 
placed within the light-pipe by a 4-K shutter mechanism 
and/or 4-K absorbers placed in the light path.  

Gert de Lange, Michael D. Audley, Geert Keizer,Willem-Jan Vreeling 
SRON Netherlands Institute for Space Research, Landleven 12, 9747AD Groningen, The Netherlands  

 

A low-background test facility for spectral response measurements at 70 
mK of ultra-sensitive TES detectors. 
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Figure 2 overview of the calibration source and the summing cavity. 
The black cone is a variable temperature calibration load. At the apex 
of the cone is a 400 μm pinhole (not visible at this scale) that is 
connected to the summing cavity via light pipe. 
 
For a correct interpretation of the spectral response measured 
with the TES detector it is necessary first to determine the 
spectral content of the incoming light from the FTS that has 
passed through the light-pipe and the cryogenic attenuation 
elements. For this purpose we have placed a so-called 
reference detector at another exit port of the scattering cavity 
(see Fig. 2). This reference detector consists of another TES 
detector mounted in a large (w.r.t. wavelength) non-resonant 
cavity that is coated with absorbing material. We assume that 
this detector acts as a frequency independent free-standing 
thin metal film absorber (with a sheet resistance of 377 Ohm) 
that absorbs half of the incident radiation over a broad 
frequency range. 

III. RESULTS 

As an example of some early results we show the response 
of a TES detector that is optimized for the short wavelength 
(SW) band of SAFARI (34-60 m). Fig. 3 shows the NEP 
with the 4-K shutter of the light pipe open and closed. With 
the shutter closed we see the intrinsic NEP of the device, with 
a lower value of 2×10-18 W Hz-1/2. The 1/f noise at low 
frequencies is due to the SQUID read-out. With the shutter 
open we observe an increase in the NEP due to the photon 
noise of the attenuated 300-K radiation. The spike at 40 Hz is 
the actual signal of the chopped globar of the FTS, which is 
about 15 dB above the photon noise level. The measured 
power at the TES detector is 3.85 fW. Fig. 4 shows (part of) 
the interferograms measured with both the reference detector 
and the TES detector with a 6-μm beamsplitter in the FTS. 

 
Figure 3 NEP values of the TES detector with the light pipe closed 
(blue) and open (red). The increase in NEP with the light pipe open is 

caused by photon noise of 300-K radiation. The spike at 40 Hz is the 
signal from the chopped globar. 

 
Figure 4 Left: (part of the) interferogram of the reference detector. 
Right: interferogram of the SW TES detector 
 

The spectra of the interferograms shown in Fig.4 are shown 
in Fig.5. The plot shows the frequency response of the 
reference detector and the SW detector together with the 
transmission of the band-defining filter stack [3]. The 
transmission of this filter stack has been measured in separate 
FTS measurements.  For the reference detector we observe a 
broadband response from 1 THz to 9 THz. The observed 
band-pass can be explained by the 6-m beam-splitter 
efficiency of the FTS (low frequency cut-on) and the filter 
characteristics of a low pass filter (high-frequency cut-off) in 
the light pipe. The response of the SW detector is mainly 
determined by the SW filter stack in front of the horn and 
qualitatively agrees with separate transmission measurements 
of the filter stack. We observe no clear out-of-band stray-light. 
More recent measurements and detailed analysis of the spectra 
will be presented at the conference. 
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Figure 5 Measured spectrum of the reference detector (green) and 
the SW-pixel (red). The blue curve is the transmission of the SW 
filter stack (measured separately) 
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Abstract— We present the progress of the technological 

development of a full e-beam based monolithically integrated 

Schottky diode process applicable for sub-millimetre wave 

multipliers and mixers. The process has been employed in a 

number of demonstrators showing state-of-the-art performance. 

I. INTRODUCTION 

There is a need for developing efficient and reliable 

heterodyne receivers operating in the sub-millimetre wave 

band above 500 GHz for future science missions and Earth 

observation instruments such as International SubMillimetre 

Airborne Radiometer (ISMAR) and the Submillimetre Wave 

Instrument (SWI)[1,2]. The sub-millimetre wave regime 

allows studying different meteorological phenomena such as 

water vapour, cloud ice water content, ice particle sizes and 

distribution, which are important parameters for the 

hydrological cycle of the climate system and the energy 

budget of the atmosphere. Similar data can be collected from 

the atmospheres of planets and moons. 

ISMAR is an airborne platform dedicated for the 

demonstration and validation of microwave atmospheric 

sounding instruments in 200 GHz to 1000 GHz range and 

currently under development by the Met Office in UK.  

SWI is a part of JUpiter ICy moons Explorer (JUICE) 

mission, which is the next large European science mission 

planned for launch in 2022 and arrival at Jupiter in 2030. This 

mission will tour the giant planet to explore its atmosphere, 

magnetosphere and tenuous set of rings and will characterise 

the icy moons Ganymede, Europa and Callisto mapping their 

surfaces, sounding their interiors and assessing their potential 

for hosting life, as the moons are thought to harbor vast 

amounts of water.  

The operational frequency bands for science missions 

carrying planetary atmosphere characterisation instruments are 

moving towards up to several Terahertz (THz) [3,4]. While 

discrete GaAs Schottky diodes and hybrid circuits are 

adequate for frequencies up to 400 GHz, monolithic 

integration is necessary at higher frequencies due to better 

fabrication and alignment tolerances as well as to enable more 

advanced circuit integration. Moreover, the performance and 

functionality of discrete diode circuit designs, is limited by the 

shape and thickness of the supporting substrate.  Monolithic 

integrated circuits (MICs), supported by a thin membrane, 

overcome restrictions imposed by the substrate thickness [5-

7]. On the other hand, a drawback of GaAs Schottky based 

sub-systems is that they traditionally require relatively high 

local oscillator (LO) powers, in the order of ~mW, compared 

to SIS and HEB technologies, which operate at ~µW levels. 

The LO power requirements have to be considered when 

moving to higher frequencies ~1 THz. For applications with 

limited mass and power budget, applying biasing schemes or 

switching to low bandgap material systems e.g. InGaAs, 

becomes an interesting solution, as the required LO power can 

be reduced up to an order in magnitude. These options 

however come with the downside of increased mixer noise.  

In the presentation we would like to show a current status 

of process development of THz MIC GaAs Schottky 

membrane mixers and multipliers and an alternative Schottky 

diode mixers based on InGaAs material.   

II. DIODE FABRICATION 

One of the process requirements for mixers operating at 

THz frequencies is anode's area, which becomes as small as 

0.15 µm
2
 or even smaller (Fig.1). The Chalmers diode process 

is based on electron beam lithography, with a beam spot of 

less than 5 nm, allowing precise and repeatable anode and air 

bridge formation.  

 

A. GaAs Schottky diode mixers and multipliers on 

membrane 

 

For the diodes on membrane, the starting structure is a 

semi-insulating GaAs substrate supporting a 3 µm thick GaAs 

layer sandwiched in between two AlGaAs etch stop layers and 

a buffer and an active layers. The Chalmers THz MIC 

membrane Schottky process is described in [8,9]. For process 

of THz MIC a resist reflow is used to form a stream-line slope 

across the mesas followed by a metal deposition and lift-off. 

Scanning Electron Microscope (SEM) image of an integrated 

mixer diode is shown in Fig.2. 
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Figure. 1  SEM image of an antiparallel diode with an anode area of 0.1 

µm2 designed for operating at 1.2 THz and fabricated at MC2 Chalmers. 
 

 
 

Figure. 2  SEM image of the monolithic integrated antiparallel diodes 

fabricated at the MC2 process laboratory at Chalmers. 

 

B. InGaAs Schottky diode mixers 

 

Process for InGaAs Schottky diode is quite similar to that for 

GaAs Schottky diode, except for that the mesa etching and e-

beam dose are carefully optimized for the different materials.  

III. CONCLUSIONS 

A full e-beam integrated Schottky diode membrane process 

dedicated for THz operation, has been developed at Chalmers 

University of Technology. The process is currently supporting 

several THz science projects, e.g. the development of 874 

GHz front-end receivers for ISMAR instrument, and SWI 

600/1200 GHz broadband spectrometer front-ends for JUICE 

mission, as well as the development of THz harmonic mixers 

for QCL phase locking applications up to 4.7 THz [10]. 
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Abstract— In this paper we present our recent design of quasi-
optical membrane based superconducting hot electron bolometer 
(HEB) mixers at 1.4 THz. The HEB device is coupled to a double 
slot antenna on a thin membrane. The THz radiation is focused 
onto the antenna by a parabolic off-axis mirror and a back-short 
is placed behind the membrane to increase the gain of the 
antenna. 
The whole structure including the HEB, the antenna, the back-
short and the off-axis mirror was designed with the aid of the full 
wave electromagnetic solver CST Microwave Studio. In order to 
evaluate the impact of the double slot antenna dimensions we 
carried out two quite different designs, for the same HEB. The 
input impedance and the radiation pattern have been simulated. 
Heterodyne and FTS measurements are being performed to 
evaluate the impact of the two antenna designs on the mixer 
performance. 

I. INTRODUCTION 
Superconducting HEB mixers are the most sensitive mixers 

at terahertz frequencies. Different technical layouts and 
coupling structures for HEBs have been developed and tested. 
In this paper, we describe the development of a membrane 
based quasi-optical HEB mixer at 1.4 THz. Observations with 
a 1.4 THz heterodyne receiver enable us to detect the 
transitions of CO, H2D+ or N+. Such observations can improve 
our understanding of cores of high and low mass star 
formation and of the warm ionized medium in the galactic 
ring, respectively. 

We propose a new quasi-optical configuration where a 
mirror rather than a lens focuses the incoming radiation onto a 
double slot antenna (DSA). The antenna and the HEB are on a 
1.4 µm thick membrane and a back-short at λ0/4 enhances the 
coupling efficiency. This configuration is expected to have 
several advantages: At high frequencies the device 
manufacturing is easier than in the case of a device using thick 
substrate. The use of a mirror has smaller losses than the use 
of a lens, which has dielectric losses. 

In order to investigate the importance of the antenna 
dimensions and the IF filters, we carried out two quite 
different double-slot antenna designs, which allows us to 
perform a direct comparison. 

II. MIXER DESIGN 
Both antennas were designed for 1.4 THz and use a 1.4 µm 

thick stress-less layer of Si3N4/SiO2 as a membrane. When the 
thickness of the dielectric supporting the slot antenna is less 
than 0.04 λd (with λd the wavelength into the dielectric), the 
antenna is acting as if suspended in free-space [1]. Therefore 
for a double slot antenna on membrane the slot length needs to 
be around 0.75 λ0 [2] which is approximately 2.5 times larger 
than in the case of an antenna on a thick silicon substrate. 

For our first membrane based antenna we simply applied 
the scaling factor of 2.5 on the standard design of a double slot 
antenna on thick silicon substrate and the back-short is placed 
at a distance of λ0/4 behind the antenna. Then, we optimized 
the parameters of the antenna (width (W), length (L) and 
separation (S) of slots) with CST to refine the results and to 
obtain the desired resonance frequency with an impedance 
close to 75 Ω which equals the impedance of the HEB. The 
back-short is also optimised by adjusting its size in order to 
increase the gain of the antenna. The beam pattern is not 
symmetric and seems to be deformed by the geometry of the 
intermediate frequency (IF) output Fig. 2. 

In order to compare and to evaluate if there are critical 
parameters in the conception, which could influence the 
performances of the mixer, we have tried a different approach 
for the membrane based antenna design. The slot length L is 
kept around 0.75 λ0 as in design 1, but the W/L ratio is chosen 
between 0.02 and 0.07 to get an antenna impedance between 
50 and 100 Ω [3]. In design 2 the width W is 8 µm, compared 
to 22 µm in design 1. The separation S is set to around 0.17 λ0 
as in general case (in design 1: S = 2.5 x 0.17 λ0). Moreover, 
special care has been taken to keep the symmetry of the beam 
pattern by extending part of the ground plane on the opposite 
side of the IF output. The designed membrane based DSA and 
the simulated beam patterns are shown in Fig. 1 and Fig. 2. It 
can be seen that for the second approach the slots are much 
thinner and closer to each other than for the first one. It is 
interesting to note that design 1 has a simulated radio 
frequency (RF) bandwidth at -15 dB of 330 GHz whereas 
design 2 is more selective with a RF bandwidth of 160 GHz. 
The symmetry of the beam pattern is restored for design 2, 
which is due to the ground plate extension opposite the IF 
circuit. 
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Fig. 1 On the left, design 1. On the right, design 2 where the slots are thinner 
and less spaced than in the first case. Both pictures have the same scale. 

 

 
Fig. 2 On top, the beam pattern of design 1, it is deformed by the geometry 
of the IF output. Below, the beam pattern of design 2, the symmetry is 
restored. 

III. EXPERIMENTS 
The membrane based HEB devices and the two antennas have 
been fabricated according to the process developed at 
LERMA/LPN [4], the NbN superconducting microbridge is 
0.2 µm long, 2 µm wide and 3.5 nm thick with a normal 
resistance between 75 and 90 Ω. The HEB device is mounted 
into a mixer block in the focal plane of the off-axis parabolic 
mirror (Fig. 3). Heterodyne measurements around 1.4 THz are 
underway with a VDI multiplier chain as local oscillator. FTS 
measurements will be performed to compare the RF 
bandwidth of both antenna designs. We’ll present and analyse 
the measurement results in our poster. 
 

 

Fig. 3 Photograph of our membrane based HEB mixer block with the off-axis 
mirror inside the cryostat. 
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Abstract—  

I. INTRODUCTION 

Conical corrugated horns are the preferred choice for reflector 

antenna feeds at mm- and sub-mm wave frequencies due to 

good beam symmetry, good cross-polarization, low side-

lobes and lower loss than non-corrugated conical horns. High 

performance horns invariably require small opening angles 

and large apertures, which translate in long horns. In turn, 

long horns are inconvenient for some frequency bands. On the 

one hand, long conical corrugated horns at the lower end of 

the mm-wave range (ALMA band 1) are heavy, bulky and 

difficult to manufacture in one piece. On the other hand, these 

horns are very difficult to accurately fabricate for frequencies 

approaching 1 THz and above (ALMA band 10 and above). 

In this case, horns are long in terms of the wavelength and 

dimensions of corrugations are very small. This results in 

difficult to determine fabrication errors (irregular corrugation 

shapes, non-built corrugations, metal left inside the horn, etc.) 

which degrade performance.  

Recently, the focus on heterodyne receivers at these 

frequencies is moving towards multi-pixel receivers to 

improve mapping abilities when used in high resolution 

telescopes such as ALMA. Such receivers need high 

performance horns which can be fabricated with good 

repeatability. In the case of the ALMA band 10 long conical 

horn, the final production yield was around 70%. One of the 

main reasons for this relatively low yield was the high number 

of corrugations and their size in comparison with the horn 

length. Shorter profiled horns are easier to fabricate and 

would improve the yield in a multi-pixel receiver.  

Profiled corrugated horns are known to be a good alternative 

to conical corrugated horns when length is an issue. The 

length of these horns is reduced by changing the shape of the 

horn profile from the waveguide input to the horn aperture. 

The change in the profile excites higher order modes which 

must be controlled in order to not have narrow band 

performance degradations. 

The choice of the profile will determine the return loss of the 

horn, the beam size, the position of the phase center and their 

frequency dependence. Traditional and more irregular 

profiles provide horn designers with extra possibilities and 

more flexibility. However, great care must be exercised in 

order to get the required performance in all the bandwidth of 

interest. Mode-Matching/Method of Moments software is of 

great help for this task. 

In the last year, NAOJ Future Development team has been 

working on optics designs for different receivers, among 

other research lines. In particular, designs have been produced 

for horns for ALMA band 1 and band 10. The designed 

profiled horns achieved the same performance as long conical 

horns at much reduced length and number of corrugations. 

However, some intermediate design failures highlighted the 

difficulty of dealing with higher-order modes. At the 

beginning of 2015, this research will be extended and new 

designs will be produced at ALMA band 10 frequencies and 

at 1.2-1.6 THz. This paper will report on this research and 

designs. 
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Abstract— We describe near-field tests and results of an 8 pixel 

close-packed feedhorn array that will be a key component of an 8 

pixel prototype 350 GHz SIS mixer array receiver prototype 

under construction at SAO. We have fabricated an array of 

smoothwalled multiple flare angle feedhorns by direct drilling 

into a single block of aluminum.  Testing of the feedhorns was 

carried out using a nearfield scanner and a vector network 

analyzer based on custom built transmitters and receivers and an 

HP vector voltmeter.  The vector nearfield data is transformed to 

the farfield radiation pattern using Python code based on the 

NF2FF Matlab script[1]. 

I. INTRODUCTION 

We are developing a multibeam SIS receiver for the 350 

GHz band[2], consisting of 2x4 hexagonal packed receiver 

modules that will be mounted to the back of a large array of 

feedhorns. Each receiver module incorporates an 8-way LO 

splitter, cold LO injection, and 8 SIS mixers and associated 

hardware.  By building the array from 8 pixel modules we can 

scale up the array receiver incrementally to at least 48 pixels. 

 
Figure 1. Exploded view of the multibeam array receiver module under 
development at SAO. The horn array (left, grey) serves as the main 

mechanical interface for the mixer module, which consists of (left to right): 

circular to rectangular wavegudie transition (gold), LO splitter waveguide 
module (red), LO coupler module (blue), full- to half-height waveguide 

transistion (gold), two part mixer module (green) with magnets and IF/bias 

ports. 

For prototyping, a single receiver module will be mounted 

to the back of an 8 pixel array of smoothwall feedhorns 

designed and machined by Oxford Astrophysics[3] (Figure 1 

and Figure 2).  Each horn is made up of four conical sections 

with variable flare angle and length, fed by a circular 

waveguide.  The length of each section and the radii of each 

junction between sections is chosen using a genetic algorithm 

that matches the radiation pattern predicted by modal 

matching calculations of trial horn designs to the desired beam 

profile of the horn, and iterates towards a design that produces 

the desired beam pattern[4]. The optimized design of the 

feedhorns is shown in Figure 3. 

The horn array is produced by drilling into a single 

aluminum block using a profiled D cutter that is made in the 

shape of the horn profile[5].  Each horn is separated from its 

neighbors by λ/4 at the center frequency of the design 

frequency band. 

 

 
Figure 2. Photograph of drilled smoothwall horn array built by Oxford 
Astrophysics 

 
Figure 3. Profile of the feedhorm designed using a genetic algorithm in 

conjunction with modal-matching calculations.  All dimensions are in mm. 

P-9



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 

 
In this paper we describe the tests that have been carried out 

in the SAO receiver laboratory to verify the performance of 

the horn array, using a nearfield scanning technique, which is 

then used to calculate the farfield radiation patterns of the horn 

under test. 

The farfield radiation patterns provide a convenient 

measure of feedhorn performance, and are a useful tool for 

evaluating the match between the design and actual 

performance of the feedhorn by eye.  However, direct 

measurement of the farfield pattern requires a relative large 

antenna test range, and involves significant signal losses due 

to the large distance between transmitter and receiver, which 

limits the dynamic range, particular at millimeter and 

submillimeter frequencies where transmitter power is limited. 

Nearfield measurements can be carried out only a small 

distance between the transmitting antenna under test and an 

electrically small waveguide probe connected to the receiver. 

The waveguide probe is scanned on an x-y stage, to sample 

the complex tangential electric field produced by the 

transmitting antenna on a planar surface in front of the 

antenna.  The farfield pattern is then calculated from the 

nearfield data by modal expansion of the field into plane 

waves[6].  This calculation is essentially a Fourier transform, 

and so can be carried out in a computationally efficient way.   

 

II. NEARFIELD SCANNER 

The SAO vector nearfield scanning system is built around a 

HP Vector Voltmeter which outputs the amplitude ratio and 

phase difference between its two input 3kHz to 300 MHz 

signals (Figure 4).Both input signals are downconverted from 

the mm-wave test signals by Pacific Millimeter harmonic 

mixers.  The transmitter fundamental frequency is generated 

by a Agilent synthesizer at 1/12 the test frequency. The signal 

is multiplied into the W-band by an active tripler and the 

reference signal is tapped off in a cross-guide coupler where it 

is downconverted by a Pacific Millimeter harmonic mixer. 

The main signal is amplified by a W-band power amplifier to 

give sufficient power to drive a VDI doubler-doubler 

multiplier chain with an output power of up to 1 mW across 

the 330-373 GHz band.  

 

 

The receiver consists of a WR-4 waveguide probe, a 

variable attenuator to balance matching vs signal level and a 

Pacific Millimeter YMA harmonic mixer, mounted on a 

motorized X-Y stage. The LO signals for both the reference 

and receiver harmonic mixers are operated at the 24th (or 26th 

at the upper end of the band) harmonic, and driven by an HP 

synthesizer locked to the 10 MHz reference from the Agilen 

synthesizer. The 24th harmonic of the LO frequency is offset 

from the test signal frequency by 120 MHz.  IF signals from 

both harmonic mixers are amplified by a series of room 

temperature LNAs and selected by 120 MHz bandpass filters.  

The IF signal from the reference harmonic mixer is multiplied 

by 4 by driving the reference IF LNA into saturation before 

bandpass filtering to take account of the x4 multiplication of 

the test signal that occurs after the reference signal is tapped 

off. 

 
Figure 5. Typical nearfield scan results for the copolar amplitude (top) and 

phase (bottom).  This scan was taken at a test frequency of 345 GHz. 

Figure 4. Vector nearfield scanner system diagram. Millimeter-wave signals 

are shown in gold, microwave LO signals in blue and IF signals in orange. 
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The system typically achieves an amplitude signal to noise 

ratio of ~50 dB when the probe is at the center of the beam 

pattern of the smoothwall feedhorn.  The phase stability is 

typically better than ±3° during a single line of the raster scan 

used to sample the nearfield beam pattern, but both the 

amplitude and phase drift on longer time scales.  To mitigate 

this drift, at the middle of each line of the raster scan, the X-Y 

stage returns to the center reference position and records a 

new amplitude and phase reference.  In postprocessing of scan 

data, theses reference points are linearly interpolated and the 

drift subtracted. 

Figure 5 shows typical nearfield data taken with the 

scanner, after calibration to remove the phase and amplitude 

drifts measured as described above.  The amplitude dynamic 

range is slightly better than 50 dB at this frequency, and the 

phase noise is typically around ±0.5° at high signal power.  

Increased phase noise is evident in parts of the scan where the 

amplitude SNR is low.  A complete nearfield scan takes just 

under 4 hours to complete. 

 

III. FAR-FIELD PATTERNS 

We have developed a Python script to carry out the 

transformation of the nearfield data into the farfield, based on 

the NF2FF Matlab script developed by Logan et al[1]. A 

description of the nearfield to farfield calculation can be found 

in Balanis’ “Antenna Theory, Analysis and Design”[6]. 

In order to get high accuracy in the farfield patterns derived 

from nearfield data in the general case, the nearfield radiation 

pattern must be sampled at points no more than λ/2 apart 

(Nyquist criterion), and both co- and cross-polar fields must 

be measured out to large distances from the main beam, so 

that the nearfield pattern is not significantly truncated.  In the 

case of a horn antenna with a relatively narrow beam and low 

cross-polarization, the cross-polar component of the nearfield 

pattern can be neglected.  The narrow beam also means that 

the tangential electric field drops below the noise floor of the 

receiver relatively quickly, and so a large scan area is not 

required 

The farfield patterns derived from the nearfield data can be 

compared to farfield patterns generated by the modal matching 

software used to design the horn profile.  In Figure 6we 

compare theoretical beam patterns calculated by the modal 

matching software for the nominal horn profile with the 

farfield patterns derived from nearfield measurements.  The 

nearfield data used for these plots is measured on a 60 x 60 

mm plane, 39 mm from the horn aperture, with a 0.4mm 

sample spacing in both x and y directions. 

The measured patterns show very good agreement with the 

design predictions down to the -30 - -40 dB level in the near in 

sidelobes in the E-plane cuts.  In the H-plane, the agreement is 

somewhat worse.  This is most likely due to misalignment 

between the rectangular waveguide running from the 

multiplier chain to the horn array, which is held in position by 

a waveguide mounting clamp.  A more careful alignment of 

the waveguide will be made for subsequent measurements of 

this and other horns.  Overall, the farfield patterns indicate that 

the feedhorn itself is working well across the full frequency 

band of the multibeam receiver. 

 

 

 

 

 
Figure 6. Farfield E- and H-plane radiation patterns for Horn 1 of the 8 pixel 
horn array derived from the nearfield scans (blue) compared with the E- and 

H-plane patterns predicted by the modal-matching calculation (green). 
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IV. CONCLUSIONS 

We have built an 8-pixel close-packed feedhorn array by 

direct drilling of multiple flare angle smoothwall horns into a 

single block of aluminum.  We have tested one horn from this 

array using a vector nearfield scanner, and developed data-

analysis code to transform the nearfield data into farfield 

radiation patterns of the horn.  We obtain good agreement 

between the farfield patterns and those predicted by the horn 

design software. 

The feedhorn array will be a key component of a prototype 

multibeam SIS receiver array module that will form the basis 

of a larger array receiver instrument for the Greenland 

Telescope. 

At the conference, we will present results from more 

extensive testing of the horn array across multiple pixels, and 

more details of the performance of the nearfield scanning 

system. 
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Abstract— A fourfold-azimuthal dependence of terahertz 

radiation from polished mono-crystalline (100) silicon is observed 

firstly. This phenomenon is explained by the electric quadrupole-

magnetic dipole, which resemble second harmonic generation 

from (100) silicon. 

I. INTRODUCTION 
It's known that several properties are needed for efficient 

terahertz emission from semiconductor surfaces, such as high 
absorption in near infrared, high electron mobilities, fast 
recombination rates and short carrier lifetimes. However, 
mono-crystalline silicon doesn't possess these properties [1], [2]. 
So silicon is rarely used as terahertz emitters. In order to change 
the properties of silicon, various methods, such as irradiation 
induced-defects, disorder needles perpendicular to the surface, 
vertically aligned silicon nanowire (Si NW) arrays , and argon 
implanted, is carried out on silicon surfaces [3]-[6]. Although 
many trials have been implemented to improve terahertz 
emission from silicon, there are few specific reports of terahertz 
emission from mono-crystalline silicon. 

II. EXPERIMENTAL SETUP 

 
Fig. 1  Schematic diagram of experimental setup. BS, Beam Splitter; OC, 
Optical Chopper; MR Stage, Motorized Rotary Stage; Si, Silicon used to block 
pump light; DC, 3-mm thick ZnTe Detection Crystal; WP, Wave Plate; WPrism, 
Wollaston Prism. 

In our work, the azimuthal dependence of terahertz radiation 
from (100) silicon was studied by a home-built THz-TDS. Fig. 
1 shows the experimental setup.  

The laser source was a Ti: Sapphire oscillator (Mira900, 
coherent) generating p-polarized light pulse of 150fs duration, 
centered at a wavelength of 800nm with a repetition rate of 
78MHz. The average pump power was 1.5W, which was 
directed onto the sample at a 45° angle of incidence and focused 
to 1.5 mm diameter on the sample. The sample was mounted on 
a motorized rotary stage, which was controlled by the computer. 
In the reflecting direction, the generated terahertz from (100) 
silicon was collected and focused by two parabolic mirrors of 
effective focal length 𝑓 = 76.2𝑚𝑚  and diameter 𝐷 =
50.8𝑚𝑚. Then the focused terahertz was detected by standard 
electro-optic sampling techniques in a 3mm thick (110) ZnTe 
detection crystal, which was followed by a quarter wave plate, 
Wollaston prism, and balanced photodiodes. The ZnTe crystal 
had been carefully adjusted so that only p-polarized THz could 
be detected [7]. 

III. PRELIMINARY RESULTS 

 
Fig. 2  The azimuthal dependence of THz radiation from  (100) silicon with p-
type and the resistivity of 1~5 Ω ∙ cm. 

A fourfold azimuthal dependence of terahertz radiation from 
(100) silicon surfaces is shown in Fig. 2. Comparing Fig. 2 with 
Fig. 3, it is obvious that this azimuthal dependence is very 
similar with that of second harmonic generation (SHG) [8], 
which displays the lattice symmetry of silicon. As far as we 
know, it's the first time that the silicon symmetry was detected 
in this way. Comparing THz and SHG from (100) silicon, we 
can conclude that the azimuthal dependence we found should 
be attributed to the electric quadrupole-magnetic dipole 
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(EQMD) of (100) silicon. The relation of the fourfold azimuthal 
dependence and EQMD using THz-TDS have been reported in 
several materials, such as (100) InAs, a-plane InN and 
YBa2Cu3O7−𝛿  [9]-[11]. 

 

 
Fig. 3  The azimuthal dependence of SHG radiation from (100) silicon, referring 
the work of Tom [8]. 

IV. FUTURE EXTENSIONS 
Although the azimuthal dependence of THz and SHG from 

(100) silicon is very resemble, more experimental data and 
theoretical analysis are needed to prove our results. Firstly, 
based on the different properties of the radiation from the dipole 
and EQMD in space, we can distinguish them by a home-built 
spatial resolution system. Secondly, we can perform a joint 
measurement of the azimuthal dependence of THz and SHG 
from (100) silicon, which will give a more powerful evidence 
for our results. 
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Abstract— We report on an ongoing study where different optical 

configurations for a multi-beam limb-viewing (four to eight 

receiver channels at 340 and two channels at 625 GHz) space-

borne instrument for climate research are presented and 

compared. The optical configurations are analyzed in terms of 

optical performance (gain, side lobe levels, beam efficiency etc.), 

weight and size of the overall instrument envelope. Using ideal 

fundamental Gaussian beam modes and numerical tools relying 

on ray-tracing and physical optics methods, the different 

configurations are designed and evaluated. Preliminary results 

indicate that a 1.3 m  0.65 m primary reflector can be used in a 

configuration that includes a relay optics system having two to 

four elements.  In addition to the limb-viewing instrument, there 

will be an additional instrument operating at 640 GHz for 

observing clouds in nadir mode. 

I. INTRODUCTION 

Understanding how the chemical processes in the upper 

troposphere/lower stratosphere (altitudes ~5-22 km) influence 

the Earth’s climate is of high interest in climate research of 

today. Accurate modelling of the atmosphere relies on 

empirical data that can reveal the distribution of important 

trace gases such as O3, H2O, CO and HNO3. Instruments 

operating in the THz regime are particularly well suited for 

making such measurements due to the many spectral lines 

existing at these frequencies. Spaceborne instruments like 

MLS [1], MAS [2], Odin [3] and SMILES [4] are all examples 

of single-beam limb viewers that have been used for this 

purpose.  

By increasing the number of beams that are simultaneously 

used to observe the atmosphere, the spatial and temporal 

resolution can be significantly increased. The proposed 

Swedish climate research instrument STEAMR [5] is an 

example of a 14-beam limb viewer operating at 340 GHz, 

which can provide climate researchers with input data for 

making a three-dimensional tomographical reconstruction of 

the atmosphere. PREMIER was one of three candidates for 

ESA’s seventh Earth explorer program [6] which offered a 

platform with relatively good spatial and power capabilities. 

The current aim is to develop a modified instrument that is 

optimized with respect to mass, size and power requirements 

to be compatible with a smaller platform. The overall size - 

and therefore mass - of a radiometer with a highly directive 

antenna is largely determined by its optical system, and hence 

this study aims to compare different optical configurations to 

drive down the costs while still fulfilling the scientific goals. 

II. PREREQUISITES AND DESIGN METHODOLOGY 

Some major changes have been decided for the new 

instrument concept. One of the most significant is to decrease 

the number of receiver channels to minimize the LO power 

requirements for the Schottky mixer receivers [7]. This also 

has a direct impact on the focal plane which becomes smaller. 

Having fewer receivers implies that the atmospheric scene that 

can be imaged simultaneously decreases. By letting the 

instrument wobble while in orbit, the optical beams 

corresponding to each receiver will be swept up and down in 

altitude to cover the atmospheric region of interest. Thus, all 

channels will have a shorter integration time, which sets a 

higher demand on low intrinsic noise in the receiver chains. 

In order to obtain a smaller overall instrument envelope, the 

size of the primary reflector was decreased while keeping its 

1:2 aspect ratio. Doing so will unavoidably decrease the 

antenna gain and hence the size of the full width half 

maximum (FWHM) beam contour on the plane in the limb 

which is imaged. However, this problem is overcome by 

choosing a lower altitude orbit (~600 km). 

To perform the three-dimensional tomography of the 

atmosphere, the PREMIER mission utilized a combination of 

a microwave multi-beam limb viewer (STEAMR) and an 

additional limb viewing instrument for detecting signals in the 

infrared region. The new concept will not have the additional 

instrument for infrared radiation, but will instead rely on a 

high frequency detector (~625 GHz) coupled to a 150 mm 

aperture that moves continuously to sweep its corresponding 

beam in order to cover a certain portion of the ground. This 

concept is believed to make the instrument capable of 

providing the input data necessary for the atmospheric 

tomography.  

Besides having good imaging properties, the optics of the 

instrument should also encompass a sub-system for calibration 
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of the receiver chains. Such a system will include one or 

several reflectors that cross the optical path to redirect the 

beams towards different black body loads of known 

temperature. The choice of optical layout must be made with 

this in mind. 

Optical requirements (side lobe levels, beam efficiency etc.) 

of the new mission are essentially the same as for STEAMR 

[8], except for the beam distribution on the sky. To design and 

evaluate the different optical systems against these criteria, 

several design methods were employed. Having a large 

primary aperture in terms of wavelengths, a wide field off-axis 

telescope (primary and sub reflector) corrected for third order 

coma and spherical aberration could be designed using 

software for ray-tracing (Zemax [9]). Assuming a high 

coupling to the fundamental Gaussian beam mode, first-order 

models including sets of inter-reflector distances and focal 

lengths for the relay optics could be obtained. Finally, by 

using an ideal Gaussian distribution as a source, the complete 

optical models could be implemented into GRASP [10], where 

the far field beam patterns were calculated using physical 

optics and physical theory of diffraction. 

III. OPTICAL CONFIGURATIONS 

As for the STEAMR instrument for the PREMIER mission, 

cf. Fig. 2, the edge taper of the primary reflector is 25 dB 

which was chosen to suppress side lobes rather than 

maximizing the aperture efficiency. 

 

 

Fig. 1  Off-axis f/10 Cassegrain telescope corrected for coma and spherical 

aberration. The primary aperture is 1.3 m  0.65 m. 

 

The FWHM θFWHM (in radians) of the main beam from a 

Gaussian illuminated primary reflector of diameter D and edge 

taper Te is given by [11] 

              𝜃𝐹𝑊𝐻𝑀 = (1.02 + 0.0135 ∙ 𝑇𝑒)
λ

D
,  (1) 

where λ denotes the wavelength. Using an orbit of altitude 

~600 km altitude instead of the proposed 820 km orbit of 

PREMIER, the required beam FWHM is relaxed and a 1.3 m 

aperture is sufficient to achieve the needed vertical resolution.  

Figure 1 shows an example of a telescope that was used for 

some configurations in the study. It is an off-axis 

Cassegrainian-type telescope that was designed using ray-

tracing methods to optimize the performance over a wide field 

of view.  

 

Fig. 2  GRASP CAD model of the optical chain of the PREMIER version of 

STEAMR [12]. The primary aperture is 1.6 m  0.8 m. 

 

A. Concept 1: Six-reflector system 

The STEAMR instrument developed for the PREMIER 

mission had an optical system consisting of six off-axis 

reflectors and two focal plane arrays, each comprising two sets 

 
Fig. 3  Sketch of a six-reflector concept. The location where the beams are to 

be re-directed towards the calibration loads is indicated with a dashed red 
circle. The triangle indicates a feed horn. 

of faceted reflector surfaces for seven beams, which were 

separated in polarization using a wire grid polarizer, cf. Fig 2. 

This version of the optical system (cf. Fig. 3) is an attempt 

to essentially maintain all functionality of the instrument 
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developed for PREMIER, but with a reduced number of 

reflectors and a more easily accessible location to redirect the 

beams towards thermal loads using a chopping mirror. 

As the number of receivers is believed to vary between four 

and eight, a single focal plane will be sufficient. Even though 

the number of reflectors is reduced by two compared to the 

PREMIER version of the instrument, it will still have enough 

degrees of freedom to make the beams at the aperture having a 

matching taper (elliptical, 1:2 aspect ratio) and having a 

multiple of π Gouy phase shift from the feed horns to achieve 

frequency independent illumination [13]. 

The receiver chains have been placed behind the primary 

aperture. Besides being a position that does not add much to 

the physical envelope, it is also convenient since excess heat 

from dissipated in the LO chains can radiate into free space. 

 

B. Concept 2: Four to five-reflector system 

Removing one or two of the reflectors compared to the 

concept 1 presented above may result in a system as the one 

shown in Fig. 4. The receivers are positioned behind the 

primary reflector to ease the implementation of an efficient 

heat dissipation system. The sketch shown in Fig. 4 has an off-

axis Cassegrainian telescope with a convenient position for a 

calibration chopper mirror between the telescope sub reflector 

and first relay optics reflector. One option is to use a 

Gregorian telescope to make the instrument more compact in 

the vertical direction, cf. Fig. 4. However, for a given f/D of 

the telescope, a Gregorian design implies a larger instrument 

envelope in the horizontal direction. 

One important consequence of removing one or two 

reflectors is that the degrees of freedom decrease. Since high 

resolution in the elevation direction is prioritized, the rim of 

the primary reflector is elliptical. By employing a number of 

astigmatic reflectors in the relay optics ( 2), the beams can be 

properly shaped to match the primary aperture and having a 

Gouy phase shift that ensures frequency independent 

operation. With four to five reflectors these criteria become 

difficult to fulfil. 

 
Fig. 4  Sketch of a four reflector concept. The location where the beams are to 

be re-directed towards the calibration loads is indicated with a dashed red 

circle. The triangle indicates a feed horn. 

However, since the main priority is to have a good 

resolution in the elevation direction, one possibility is to 

simply accept different edge tapers when illuminating the 

primary aperture. This will of course give rise to side lobes in 

the azimuth direction, but this may be accepted as long as the 

resolution in the elevation direction is maintained. Complying 

the requirement for frequency independence may still be 

possible.  

 

C. Concept 3: Three-reflector system 

Since the system needs to have a mechanism for steering 

the beams towards the on board black body calibration loads, a 

direct illumination of the sub reflector by the feed horns is not 

a feasible solution. Instead, the absolute minimum number of 

reflectors is three.  

Although being lightweight due to the removal of other 

reflectors, the possibility of a correct primary reflector 

illumination and frequency independent operation will no 

longer be possible.  

 
Fig. 5 Sketch of a three reflector concept. The location where the beams are to 

be re-directed towards the calibration loads is indicated with a dashed red 

circle. The triangle indicates a feed horn. 

IV. CALIBRATION SYSTEM AND NADIR INSTRUMENT 

As mentioned in previous sections, there is a need for an 

optical sub-system to steer the beams from the feed horns 

towards black body loads at different temperatures. Regardless 

of which implementation of the optical chain is chosen, the 

design must be made with the implementation of the 

calibration system in mind. 

On board the platform will be two black body loads at 

different temperature. Besides these loads, the beams will also 

be steered towards cold space (and possibly, against a CW 

source). The number of moving parts has to be minimized and 

this has a direct impact on the choice of chopping mirror. The 

two candidates that have been considered are of a spinning 

wheel type similar to the one used on Odin [3] and a spinning 

cuboid with two facing sides open.  

As mentioned in section I, the instrument will employ an 

additional channel at 640 GHz for observing the clouds in 

nadir mode. The beam footprint on the ground (5-15 km) of 

this channel will move in a cross-track pattern while in orbit. 

As for the main optical system, there is also a need for a 

calibration system for the 640 GHz channel with 

corresponding black body loads. One option here is to make 

use of the existing loads for the limb-viewing system. 

V. CONCLUSION AND OUTLOOK 

An investigation to find out which optical configuration is 

the most optimal to meet the given scientific requirements, 
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given a stricter budget in terms of mass, size and power 

requirements, is ongoing. Well-established methods are being 

used to investigate optical performance. Concurrent 

engineering between optical design and mechanical 

implementation ensures that realistic assumptions on the mass 

of the reflectors and the corresponding support structures can 

be made.  
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Abstract— The presence of spurious frequency tones emanating 

from a harmonically generated local oscillator (LO) signal can 

significantly degrade the performance of a Superconductor-

Insulator-Superconductor (SIS) tunnel junction mixer [1]. The 

existence of harmonics is often revealed by distorted I-V curves 

obtained when pumping the SIS device with the LO. We have 

investigated this effect by using a commercially available source 

and correlating the photon step induced I-V curve structure with 

a direct frequency measurement made via a Fourier Transform 

Spectrometer (FTS) and a spectrum analyser. Our results suggest 

that intermixing frequency products are generated within the 

first, low frequency, stage of the LO chain, and these unwanted 

signals are converted to high frequency tones through subsequent 

stages of LO amplification and frequency up-conversion. The 

experimental work has been performed by using measurement 

facilities available at the University of Oxford and the 

Rutherford Appleton Laboratory (RAL), UK. 

I. INTRODUCTION 

Heterodyne frequency down-conversion is a commonly 

used technique for performing high-resolution spectroscopic 

observational radio astronomy. The heterodyne frequency 

conversion process combines the incident radio frequency 

(RF) astronomical signal with a local reference frequency 

source, i.e. local oscillator (LO) tone, in a highly non-linear 

mixing device, such as a Superconductor-Insulator-

Superconductor (SIS) tunnel junction. The mixer generates an 

intermediate frequency (IF) output, which is substantially 

lower in frequency than the RF and LO input signals; this 

allows subsequent signal processing and reproduction of the 

astronomical signal power spectrum. The mixer, LO and IF 

components combined form a heterodyne receiver. 

The LO is a key device within the receiver system. It must, 

for instance, provide sufficient power to “pump’’ the mixer; 

be stable in frequency and amplitude; and possess a broad 

tuning range. Additionally, it is essential that the LO signal is 

spectrally pure; i.e., spurious harmonic content is of 

sufficiently low amplitude to avoid spectral contamination and 

system noise degradation. 

The LO spectral purity is difficult to specify for near 

quantum limited receiver systems, and is often overlooked as a 

parameter when defining the LO chain. Determining the purity 

of an LO source is therefore important as the harmonic content 

can mix with the input signal and result in unwanted parts of 

the RF spectrum being down converted into the IF band and 

this degrades the receiver sensitivity and may also introduce 

confusing spectral artefacts. We have used a commercially 

available 230 GHz LO source to investigate LO harmonic 

content and have correlated unusual features identified in an 

SIS mixer LO pumped I-V curve with direct measurement of 

frequency tones from the source. 

 
Fig. 1  A 198 GHz pumped I-V curve showing unusual features and a 

poorly defined photon step structure. 

 

An example distorted I-V is presented in Fig. 1 from which 

it can be seen that the pumped I-V curve, with the LO set to 

198 GHz, shows a poorly defined photon step structure as well 

as an unusual feature prior to the sharp non-linearity at            

~ 2.7 mV. The features seen in Fig. 1 would not be present if 

the mixer were pumped with a pure LO source tone. For 

comparison, a normal pumped I-V curve obtained with the 

same LO is shown in Fig. 2. This curve was captured with the 

LO set to 252 GHz. 

Additional I-V plots with similar structure to Fig. 1 were 

obtained across a significant fraction of the LO frequency 

band of operation between ~ 190 – 260 GHz [2], implying a 

variable nature to the LO harmonic content. We have therefore 

investigated the frequency output from the LO chain by using 

a Fourier Transform spectrometer and a spectrum analyser, the 

latter combined with a solid state millimetre-wave external 

mixer. 

Measurements of the pumped I-V curves were made using a 

finline SIS mixer at Oxford’s Millimetre Detectors group 

laboratory. 
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The paper will describe the experimental set-up and results 

obtained from measurement of the LO source output. From 

this, we show that the source generated a complex tonal output 

at a variety of frequencies. These undesirable signals also 

produced a substantial degradation in mixer sensitivity. 

 

 
Fig. 2  A 252 GHz pumped I-V curve with a clean photon step structure. 

II. EXPERIMENTAL METHODS 

The LO configuration employed in the experiment consists 

of a low frequency (~ 10 – 15 GHz) signal generator that 

provides an input tone into a sextupler that multiplies this tone 

by a factor of 6 and up-converts it to ~ 60 – 90 GHz. This 

signal is then amplified and multiplied by 3 using a tripler to 

bring it to ~ 180 – 270 GHz. This results in an overall 

multiplication factor of 18 from the original fundamental input 

frequency. A diagram of the LO chain is given in Fig. 3. 

 

 
Fig. 3  LO chain block diagram. 

 

The LO investigation was carried out at several frequencies 

using a polarisation rotation (Martin-Puplett [3]) Fourier 

Transform Spectrometer (FTS) located at the Rutherford 

Appleton Laboratory (RAL). This experimental setup can be 

seen in Fig. 4. 

 

 
Fig. 4  Experimental setup for the LO using the FTS. 

Many variations of the experiment were performed (e.g. 

varying the LO frequency, using a different LO, adding 

isolators/attenuators/filters, using a different detector) but it 

proved non-trivial to pinpoint the cause of the tones and 

therefore to verify their authenticity directly from the FTS 

results. For example, the FTS measurements provided an 

indication of the presence of unwanted tones, but the acquired 

spectra proved somewhat ambiguous with tone confusion 

arising from effects such as signal aliasing. Thus, although 

providing strong evidence of the presence of harmonics, 

uncertainties in the FTS measurements were sufficient to 

make the determination of their origin from within the LO 

chain difficult. 

An alternative approach was therefore taken in which 

external solid state mixers, purchased from Radiometer 

Physics Gmbh (RPG), and used in conjunction with a Rhode 

and Schwarz spectrum analyser, were used to directly measure 

the LO spectral output. 

These mixers enabled the direct measurement of 

frequencies up to 500 GHz. The frequency spectra obtained 

using two of these mixers with the LO set to 198 GHz (a 

particularly problematic frequency) are presented in section 

III. 

III. RESULTS 

Two example measurements obtained using the FTS are 

presented in Fig. 5 and 6. It can be seen in Fig. 5 that the 

frequency spectrum appears to be highly contaminated with 

harmonics. However, we found that the FTS is potentially 

prone to the introduction of artefacts and it was therefore not 

clear whether all these tones originated from the LO itself. For 

example, Fig. 6 shows an overlay of two sets of data; one set 

acquired with a W-band filter located at the output of the LO, 

and the other without the filter. In both cases the frequency 

tripler was removed in order to test the signal purity prior to 

the final stage of multiplication. It can be seen from Fig. 6 that 

the presence of the filter had very little effect on the LO 

spectrum. This result implied that the tones were not a 

function of the LO and therefore cast some doubt on the FTS 

spectral measurements. 

 

 
Fig. 5  Frequency spectrum obtained with the FTS. LO set to 198 GHz 

with the tripler in place. The spectrum appears to be highly contaminated with 
harmonics. 
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Fig. 6  Frequency spectrum obtained with the FTS with and without a W 

band filter. LO set to 76.2 GHz and with the tripler removed. Adding the filter 

has little effect on the spectral features of the LO. 
 

Measurements were made using a spectrum analyser 

combined with external mixers and with the LO set to 198 

GHz. These are shown in Fig. 7 and 8. 

 
Fig. 7  Frequency spectrum with 140 – 220 GHz mixer. LO set to 198 GHz 

with the tripler in place. It can be seen that as well as the main tone at 198 

GHz, there are other significant harmonics present which are separated by 11 

GHz from the main tone. 

 
Fig. 8  Frequency spectrum with 220 – 330 GHz mixer. LO set to 198 GHz 

with the tripler in place. It can be seen that there are other significant 
harmonics present at frequencies well above 198 GHz. 

 

Examination of these figures shows that the LO source is 

indeed producing multiple tones of significant amplitude 

(within 5 – 10 dB of the 198 GHz tone) and which are 

separated in frequency from the desired 198 GHz harmonic by 

integer multiples of 11 GHz. It is likely that these tones enter 

the mixer LO input port and contribute to the distorted 

pumped I-V curve shown in Fig. 1. 

To check whether the tripler was indeed responsible for the 

production of the harmonics, we performed spectrum analyser 

measurements with the tripler component removed. This 

experiment was performed with two, lower frequency, 

external mixers while keeping the LO set to 198/3 = 66 GHz. 

The results can be seen in Fig. 9 and 10. 

If the tripler was the component solely responsible for the 

unwanted harmonics, then the plots in Fig. 9 and 10 would 

show a tone centred at 66 GHz and no other significant tones. 

However, again there is evidence of harmonics around 66 

GHz separated in frequency by integer multiples of 11 GHz 

which is the fundamental frequency of the sextupler from the 

signal generator. This would suggest that there is intermixing 

of the fundamental tone taking place in the sextupler and this 

leads to the production of undesired harmonics which are 

separated in frequency by integer multiples of the fundamental 

as observed in Fig. 9 and 10. 

 

 
Fig. 9  Frequency spectrum with 50 – 75 GHz mixer. LO set to 66 GHz 

with the tripler removed. It can be seen that as well as the main tone at 66 
GHz, there are other significant harmonics present which are separated by 11 

GHz from the main tone. 

 

 
Fig. 10  Frequency spectrum with 75 – 110 GHz mixer. LO set to 66 GHz 

with the tripler removed. It can be seen that there are other significant 

harmonics present at frequencies above 66 GHz. 
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Our conjecture is further supported by the fact that it is 

possible to pump an SIS mixer with the signal synthesiser set 

to a particularly low fundamental frequency of 6.9 GHz. This 

is interesting because 6.9×6 = 41.4 GHz, which is just above 

the waveguide cut off (40 GHz) of the amplifier but quite far 

outside of its range of operation (75 – 110 GHz). Even so, if 

the 41.4 GHz tone had enough power to pump the mixer, it 

would be 124.2 GHz by the time it was tripled which is well 

below the frequency band of operation of the mixer. The fact 

that it is possible to pump the SIS mixer with the signal 

synthesiser set to 6.9 GHz suggests that the LO is producing 

higher order harmonics and it is these harmonics that are 

consequently pumping the mixer.  

To test whether the LO was indeed producing such tones 

when set to a fundamental frequency of 6.9 GHz, it was tested 

on the spectrum analyser, using external mixers, over the 

frequency range of 40 – 110 GHz and with the tripler 

removed. The results of this measurement can be seen in Fig. 

11. 

 
Fig. 11  Frequency spectrum between 40 – 110 GHz. LO set to 41.4 GHz 

with the tripler removed. It can be seen that the spectrum is contaminated with 

harmonics and that the desired 6th harmonic of the 6.9 GHz synthesiser input 

tone is significantly (~ 38 dB) lower in amplitude than the 11th harmonic at 
75.9 GHz. It should also be noted that some of the low amplitude harmonics 

are suspected to originate from the external mixers that were used. However, 

tones separated by multiples of 6.9 GHz are believed to result from the low 
frequency multiplication chain of the LO. 

 

It is evident from Fig. 11 that the desired tone of 41.4 GHz 

(the 6
th

 harmonic of the fundamental) is quite low with an 

amplitude of ~ - 45 dBm. The 11
th

 harmonic however, at 75.9 

GHz, has an amplitude of ~ - 7 dBm and this is the tone which 

is most likely to be pumping the mixer. Additionally, it is 

worth noting that the entire spectrum is contaminated with 

harmonics separated by 6.9 GHz which supports the idea that 

undesired tones are being generated by the sextupler before 

being amplified (if within the operating range of the amplifier) 

and tripled. 

IV. CONCLUSIONS AND FUTURE EXTENSIONS 

The harmonic content of LOs affects receiver performance 

in terms of noise and spectral output, and requires careful 

consideration and evaluation. By way of demonstration, we 

have investigated the generation of harmonics by a 

commercially available, coherent millimetre-wave LO source 

that is used to pump an SIS mixer in the frequency range of 

190 – 260 GHz. 

We have shown that the generation of unwanted harmonics 

does not necessarily occur in the final LO frequency 

multiplication stage, but apparently originates from the 

spectral impurity of the low frequency multiplier chain. 

The correlation between the distorted pumped I-V curves 

and the LO spectral measurements suggests that close 

examination of the mixer I-V provides a useful diagnostic tool 

for detecting spectrally impure LOs. This is particularly 

important when corresponding receiver systems are used for 

astronomical observations. For this method to be viable, 

however, it is necessary to further explore, and improve, the 

relationship between the pumped I-V curves and the 

harmonics that are present in the spectrum analyser/FTS 

measurements. 

An important project extension will be to test this particular 

LO with a Yttrium-Iron-Garnet (YIG) signal synthesiser as it 

is thought that this may provide a more stable signal than the 

Voltage-Controlled-Oscillator (VCO) source currently being 

used. It will therefore be interesting to see what effect using a 

YIG will have both on the amplitude of the harmonics and the 

pumped I-V curves. There are plans to carry out this work in 

the near future and the results will be presented at the ISSTT 

meeting in March, 2015. 
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Abstract— We are developing a low noise heterodyne receiver 
system based on a hot electron bolometer mixer (HEBM) and a 
THz Quantum Cascade Laser (THz-QCL) as a local oscillator at 
3THz for atmospheric or astronomical observations. The DSB 
receiver noise temperature of 1,930K which corresponds to 13 
times quantum limit was achieved. We demonstrated phase-
locking of 3THz-QCL and evaluated its performance.  

I. INTRODUCTION 
We are developing a low noise heterodyne receiver system 

at 3THz based on a hot electron bolometer mixer (HEBM) and 
THz quantum cascade laser (THz-QCL) as a local oscillator 
for atmospheric or astronomical observations. For these 
applications, it’s important to reduce the line width and the 
phase noise of a THz-QCL. A simple solution for the 
narrowing is a phase-locking to a stable reference. We have 
successfully demonstrated a phase-locking of the THz-QCL to 
a THz reference. 

    
Fig.1 A system block diagram of a phase-locking of a THz-QCL. 

II. DEVELOPMENT AND MEASUREMENT 
NbN HEBM device on Si substrate with a log-spiral 

antenna and Metal-Metal waveguide type 3THz-QCL were 
fabricated in our clean room facility. We have developed a 
low noise heterodyne receiver system at 3THz and 
successfully phase-locked the 3THz-QCL to a THz reference 
(Fig.1) [1]. At first we used a 3THz Amplifier/Multiplier 
Chain (AMC) source as the THz reference. The beat signal 
between the 3THz-QCL and the 3THz reference was derived 
from the HEBM and used for phase-locking the THz-QCL.  In 

addition, we succeeded in phase-locking of the THz-QCL in 
both cases of using a 3THz-CW source generated by 
photomixing two modes of an optical comb [2] and a 
broadband THz-comb generated by Cherenkov radiation as the 
THz references.  

III. PERFORMANCE EVALUATION 
Fig. 2 shows a beat signal between 3THz-QCL and 3THz 

reference in cases of PLL OFF/ON. When the phase-lock loop 
was closed, the linewidth of the THz-QCL was drastically 
narrowed. Due to a resolution bandwidth of a spectrum 
analyzer, the linewidth was limited to 1Hz in Fig.2. For more 
precise evaluation we did frequency measurements of the beat 
signal by a high-resolution frequency counter. Longer than 1 
hour measurement showed a fractional frequency instability of 
2×10-16 at an averaging time of 100 seconds (Fig. 3). Note that 
this is not an actual frequency instability of the phase-locked 
3THz QCL but that of phase-lock loop system. The obtained 
value was much lower than typical frequency stabilities of a 
hydrogen maser and a Rubidium clock, indicating that our 
PLL circuit worked properly and the THz-QCL was tightly 
phase-locked to the THz reference.  

 

                              
Fig.2 A beat signal between THz-QCL and VDI 3THz source for PLL 
OFF/ON. The line width of the phase-locked signal is better than 1Hz as 
shown in the bottom graph.  
 

Also, we confirmed that a frequency tuning of the phase-
locked THz-QCL was possible by tuning the THz reference or 
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the microwave reference. So far, it can be tuned over +/-
90MHz with keeping PLL condition. Further optimizations 
would expand the tuning range.  
 

 
Fig.3 Frequency instability of in-loop signal of phase-locked 3THz-QCL. 

IV. CONCLUSIONS 
We have demonstrated phase-locking of 3THz-QCL using 

a HEBM and evaluated its performance. By evaluating in-
loop signal of phase-locked 3THz-QCL, we confirmed high 
performance of our PLL system. The phase-locked signal 
was used as a local signal for another HEBM and beat signal 
was detected. In order to evaluate actual frequency instability 
of the phase-locked THz-QCL, we have a plan to measure 
"out-of-loop" signal using another HEBM and another THz 
reference. 
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Abstract—We have investigated the terahertz spectra of 

biological molecules of vitamins such as L-ascorbic acid, thiamine 

hydrochloride, biotin, pyridoxine, riboflavin, and vitamin K2, 

measured by terahertz time-domain spectroscopy (THz-TDS) 

and Fourier transform infrared spectroscopy (FTIR). The 

measured absorption spectra were demonstrated to be in good 

agreement with the results simulated by Density Functional 

Theory (DFT) using hybrid functional B3LYP with basis set of 6-

31G (d). The study suggests that the effect of intermolecular and 

intramolecular interaction on the absorption bands in THz 

region. 

I. INTRODUCTION 
To date, the terahertz (THz) spectroscopy has been widely 

applied in various fields of research to understand the THz 
frequency dynamics of biological molecular systems related to 
intermolecular vibrations and large-amplitude intramolecular 
modes [1]. Extensive spectroscopic studies in this region have 
been carried out, and THz spectroscopy has demonstrated that 
this method is complementary to other spectroscopic 
techniques. 

Fourier transform infrared spectroscopy (FTIR) is a useful 
method for evaluating the optical properties of materials and 
biological molecules in infrared range, which has been 
demonstrated to have similar sensitivity as THz time domain 
spectroscopy (TDS) in the low frequency THz region [2]. 
Beside low-frequency THz range, the far-infrared at higher 
frequencies, middle-infrared and near-infrared region are very 
important to study the molecular vibrations and determine the 
presence of certain characteristic groups in biological 
molecules [3,4], which can be measured by FTIR 
spectroscopy. 

L-ascorbic acid (Vitamin C), thiamine hydrochloride 
(Vitamin B1), biotin, pyridoxine, riboflavin, and vitamin K2 
are important vitamins for human health. Using THz-TDS 
spectroscopy, the absorption spectra of the vitamins were 
studied. Yu Bin et al. studied the THz spectra of the L-
ascorbic acid and the thiamine hydrochloride [5]. However, 
the theoretical calculation results were not in agreement with 
the measurement results. The same study was done in the 
Vitamin C by using THz-TDS, but showing different 
absorption peaks [6, 7]. D. G. Allis et al. investigated the 
assignment of the low-frequency THz absorption signatures in 
the biotin [8]. T. M. Korter and David F. Plusquellic et al. 

employed continuous-wave THz spectroscopy to study the 
impact of mechanical anharmonicity and temperature 
dependence on the absorption spectra of the biotin [9, 10]. 
Above research mainly focuses on the investigation of low-
frequency characteristic of the biotin below 3 THz, and made 
few study on the mechanism of intramolecular and 
intermolecular modes. It is necessary to investigate the 
identity of signatures and analyze the spectra at higher THz 
frequencies using THz spectroscopy in combination with 
density functional theory (DFT). Mayuri Srivastava et al. 
compared the experimental and theoretical results of 
vibrational spectrum and molecular structure of the pyridoxine 
in IR and Raman bands [11, 12]. Yu Bin et al studied the THz 
spectra of the pyridoxine at 0-2.2 THz, only one absorption 
peak appeared at 1.71 THz. The theoretical simulation was 
based on single molecule structure [5]. The detailed 
investigation of the crystalline pyridoxine throughout THz 
region is not done until now. Therefore, it is necessary to 
demonstrate the experimental and theoretical results for these 
vitamins, and build the vitamin fingerprint database in 
terahertz region. 

In our work, we employed FTIR spectroscopy to investigate 
the THz spectra of the vitamins experimentally and 
theoretically. We study the effect of mixing proportion of the 
biotin and pyridoxine samples with high density polyethylene 
powder on the absorption spectra. The spectrum difference 
indicate that the absorbance of samples increase with the 
frequency. The experimental results are in good agreement 
with the theoretical calculations based on density functional 
theory (DFT) embedded in Gaussian software (G09W Rev D. 
01) [13]. 

II. SAMPLE PREPARATION AND MEASUREMENT METHOD 
The vitamin samples measured in our experiment were 

purchased from Sigma Aldrich Co. and used without further 
purification. Samples were prepared by weighing 50-100 mg 
of each solid and homogenizing the material in a mortar and 
pestle. This procedure ensured particle sizes sufficiently 
smaller than THz wavelengths to reduce baseline offsets at 
higher frequencies arising from non-resonant light scattering. 
The samples were pressed as a pellet in a 13 mm diameter 
vacuum die at the lowest possible pressures to minimize 
decomposition from transient heating. The pellets have 
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thickness between 0.5 and 1 mm which is suitable for the 
measurement of the THz-TDS and FTIR spectroscopy. The 
samples were diluted with polyethylene powder for different 
ratios to observe the vibration of absorption peaks. 

The absorption spectra in the 0.1-4 THz range were 
obtained with the THz-TDS system working in transmission 
mode, provided by Advantest Co. [14]. Figure 1 shows the 
schematic of THz-TDS measurement system (type: 
TAS7500SP). The THz-TDS spectroscopy employs two ultra 
short pulse fiber lasers self developed by Advantest, which are 
ensured to synchronized control. These pulses are centered at 
1550 nm with maximum output power of 50 mW, and 
provides extremely short pulse width less than 50 fs and low 
jitter below 50 fs. The THz-TDS system achieves the 
sampling rate with 8 ms per scan and ultra-wide frequency 
band extending to 4 THz. The whole system purged by dry-air 
has sufficient sensitivity to generate high quality spectra in the 
frequency range of 0.1-4 THz. The spectral resolution of 0.25 
cm-1 were obtained and averaged 2048 times for one point. 

The infrared absorption spectra covering far-infrared to 
near-infrared were measured by Bruker v80 Fourier transform 
infrared spectrometer (FTIR) [15]. In the far-infrared band, we 
employed low temperature silicon bolometer as detector 
working at 4-kelvin instead of DTGS room temperature 

detector in order to enhance the SNR of system. The 
vacuumized FTIR spectroscopy provides 2 cm-1 spectral 
resolution for the far-infrared band and 4 cm-1 for the middle-

infrared band. Reproducibility of spectral features was 
demonstrated well by measuring several pellets with various 

 
Fig. 2 THz spectra of L-ascorbic acid measured by the FTIR and THz-
TDS. 

 
(a) Biotin 

 
(b) Pyridoxine 

 
(c) Riboflavin 

 
(d) Vitamin K2 

Fig. 3 Experimental THz absorption spectra (FTIR) for biotin (a), 
pyridoxine (b), riboflavin (c), and vitamin K2 (d) with various 
proportional mixing with polyethylene powder. Here “pure” means pure 
sample without mixing the polyethylene. 
 

 
Fig. 1 Schematic of THz-TDS measurement system. 
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amounts of the samples for both of the THz-TDS and FTIR. 
 

TABLE I 
Measured THz absorption frequencies of vitamins 

TABLE II 
CALCULATED THZ ABSORPTION FREQUENCIES OF VITAMINS 

Measured absorption frequencies by FTIR (THz) 

L-

ascorbi

c acid 

thiamine 

hydrochl

oride 

biotin 
pyrid

oxine 

Ribofl

avin 

Vita

min 

K2 

0.23 0.37 0.53 0.29 0.63 0.64 
0.66 0.77 1.25 0.39 0.90 1.07 
1.11 1.23 1.46 0.98 1.30 1.41 
1.41 1.41 2.10 1.43 1.55 1.73 
1.83 1.68 2.37 1.94 1.92 2.33 
1.98 1.89 2.94 2.11 2.25 2.77 
2.25 2.10 3.29 2.28 2.72 3.26 
2.61 2.25 3.61 2.53 3.78 3.66 
2.99 2.61 3.85 2.96 4.45 4.04 
3.22 2.80 4.24 3.55 4.95  
3.64 3.56 4.68 3.81   
4.46 4.43 4.82 4.56   

      
      

III.  MEASUREMENT RESULTS 
Absorption measurement using the THz-TDS was 

conducted under a continuous flow of dry air, and the FTIR 
measurement was done in vacuum condition. The effect of 
water absorption was eliminated for both of measurement. The 
measured THz spectra of the L-ascorbic acid by THz-TDS and 
FTIR systems are shown in Fig. 2. The absorption frequencies 
measured by the FTIR are almost consistent with these 
measured by the TDS in the low-frequency range. 

 To study the effect of polyethylene powder on the 
absorption frequency band, we mixed the vitamin samples 
without and with the polyethylene for various proportions 
between 1:1 and 1:7, and homogenized the mixture in a mortar 
and pestle. The absorption spectra of the vitamin samples were 
obtained by using the polyethylene powder as reference 
background, as shown in Fig. 3. 

The measured terahertz absorption frequencies are listed in 
Table 1 for the vitamins. 

IV.  THEORETICAL CALCULATION 
In order to better understand the origin of the absorption 

features observed in our experimental spectra, a 
complementary series of calculations were performed to 
extract a picture of the intramolecular and intermolecular 
modes of vibration and rotation for the vitamin samples. The 
unit cell geometries for the L-ascorbic acid, thiamine 
hydrochloride, biotin, and pyridoxine were obtained from 
CSD databases [16]. Crystal cell parameters of the room 
temperature L-ascorbic acid were taken from Ref. [17]: Space 
group P212121 (Z=4), a=17.299 (8) Å, b=6.353 (3) Å, c=6.411 
(3) Å, 90.00

Room temperature 
thiamine hydrochloride were taken from Ref. [18]: Space 
group P21/n (Z=14), a=7.099 (<1) Å, b=19.808 (2) Å, 
c=11.638 (1) Å, <190.00

Room 
temperature biotin were taken from Ref. [19]: Space group 
P212121 (Z=4), a=5.196 (<1) Å, b=10.302 (1) Å, c=20.943 (2) 
Å, Room temperature pyridoxine crystal cell 
parameters were taken from Ref. [20]: Space group Pn21a 
(Z=4), a=12.377 (2) Å, b=4.652 (1) Å, c=14.112 (2) Å, 
90.00

 The unit cell geometries of crystalline sample 
were optimized by DFT method using the hybrid functional 
B3LYP and a standard double-zeta basis set augmented with 
one set of polarization functions 6-31G (d). This combination 
produces reliable force fields not only for covalent bonds but 
also for weaker interactions like hydrogen bonds, which has 
been often used in the THz spectroscopic calculation of 
biological molecules [21]. All starting geometries were taken 
from solid-state X-ray measurements and were subject to 
structural optimizations. The ground state of these structures 
has been confirmed by using conformational analysis. We 
calculated the THz absorption spectra based on the optimized 
structures. Note that there is no imaginary frequency appears 
for all calculations. The structure parameters were included as 
Gaussian calculation setup in the Gaussian 09 software. The 
calculated absorption spectra were shown in Fig. 4. We 
employ unit cell geometry for the L-ascorbic acid, thiamine 
hydrochloride, biotin, and pyridoxine samples, and single 

molecule geometry for the riboflavin and vitamin K2. The 
calculated absorption frequencies are shown in Table II. 

Measured absorption frequencies by FTIR (THz) 

L-

ascorbi

c acid 

thiamine 

hydrochl

oride 

biotin 
pyrid

oxine 

Ribofl

avin 

Vita

min 

K2 

0.25 0.48 0.56 0.37 1.00 1.04 
1.10 1.11 1.00 0.85 1.17 1.29 
1.50 1.57 1.34 1.39 1.25 1.52 
1.82 1.75 1.79 2.43 1.47 2.32 
2.03 1.92 2.05 2.83 1.91 3.09 
2.30 2.08 2.29 3.03 2.19 3.73 
2.44 2.31 2.80 3.78 2.45 3.87 
2.67 2.53 3.65 4.48 2.94 4.10 
2.97 2.69 3.86 5.24 3.35 4.44 
3.12 2.85 4.09  3.73 4.95 
3.40 3.12 4.45  4.17 5.25 

 3.22 4.78  4.76  
 3.31   4.97  
    5.18  

 
Fig. 4 THz spectra of vitamins calculated by Gaussian 09. 
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The solid FTIR spectra of the vitamin samples are 
consistent with the calculations in the frequency region of 0-
5THz except with slight frequency shift and few frequencies 
missing. The discrepancy between calculation and experiment 
results originates from that the molecular structure used in the 
calculation is gas phase molecular model, however the 
measured samples is solid state. 

V. CONCLUSIONS 
The THz spectra of the L-ascorbic acid, thiamine 

hydrochloride, biotin, pyridoxine, riboflavin, and vitamin K2 
were studied using THz spectroscopy and DFT theory. The 
measurement results were demonstrated to be in good 
agreement with theoretical simulation by Density Functional 
Theory (DFT). We investigate the proportional effect of the 
samples mixing with polyethylene powder on the absorption 
spectra. Experiment demonstrates that the low ratio of 1 to 7 
provide better reproducibility because of higher sensitivity in 
upper frequencies. The solid FTIR spectra of the vitamin 
samples are consistent with the calculations in the frequency 
region of 0-5THz except with slight frequency shift and few 
frequencies missing. The discrepancy between calculation and 
experiment results originates from that the molecular structure 
used in the calculation is gas phase molecular model, however 
the measured samples is solid state. 
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Abstract— We have built a cryogenic test system for extensive 
characterization of detectors at millimeter wavelengths. This 
instrument allows the measurement of the detector optical 
responsivity, noise, spectral response, and time constant. The 
design of the system provides optical loading conditions typical of 
space, sub-orbital, or ground-based experiments. The design of 
this instrument is presented here, along with initial results. 

I. INTRODUCTION 
Temperature controlled cryogenic blackbody loads are 

typically used to characterize the performance of ultra-
sensitive detectors designed for optical loading conditions 
encountered by space-based instruments. This technique can 
provide accurate measurements of the responsivity and noise 
of the detector in the band of interest. Measurements of the 
spectral and temporal response of the detectors are often made 
using a chopped source outside the cryostat that illuminates 
the detectors through a window in the wall of the Dewar. Stray 
radiation from the laboratory environment often increases the 
optical loading above that expected for space-based operation. 

To overcome these limitations, we have developed a novel 
test system that includes both a cryogenic blackbody source 
and an external electronic millimeter wavelength photon 
source operating at room temperature, which illuminates the 
detectors via a waveguide. 

II. DESIGN OF THE TEST SETUP 
The test setup is built in a STAR Cryoelectronics DRC-100 

pulsetube precooled adiabatic demagnetization refrigerator 
(ADR), which provides cold stages at approximately 50 K, 3 
K, 1 K, and 100 mK. Photographs of the setup are shown in 
Fig. 1 and Fig. 3, while a schematic diagram is shown in Fig. 
2. 

A. The Cryogenic Blackbody Source 
The cryogenic blackbody is made of a slab of Eccosorb 

MF-110 glued to a copper sheet for thermal equalization. A 
hole in the copper sheet allows radiation to pass through and 
be attenuated by the Eccosorb. The temperature of the 
Eccosorb is controlled using a weak thermal link to either the 
3 K or 1 K stage and a heater resistor. The Eccosorb slab is 
anti-reflection coated with sheets of PTFE. Details of the 
blackbody source are presented in [1].  

 
Fig. 1 Detailed photograph of the test setup. The device under test is 

attached to the 100 mK plate at the bottom of the image. In the configuration 
shown, the copper thermalizing plate is above the Eccosorb slab. When the 
external millimeter wavelength source is used, the copper plate is below the 
Eccosorb so that reflections in the optics box are terminated in the absorber. 

 

B. The Electronic Millimeter Wavelength Source 
The key improvement of our test setup is the addition of a 

waveguide-coupled electronic photon source covering 140-
160 GHz. The source is built around a Millitech AMC-05 
active times-twelve frequency multiplier. The multiplier can 
be driven by either an amplified thermal noise source to 
produce broadband noise, or by a microwave signal generator 
for measuring response at a single frequency. A PIN-diode 
switch at the input of the multiplier provides the ability to 
modulate the source on sub-microsecond timescales. At the 
output of the multiplier, a pair of variable attenuators provides 
a total dynamic range of over 80 dB in output power. Finally, 
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a bandpass filter after the attenuators is used to precisely 
define the bandwidth of the noise and to suppress spurious 
harmonics.  

The source is coupled into the cryostat using WR-6.5 
waveguide with a vacuum feed-through, shown in Fig. 3. 
Lengths of stainless steel waveguide provide thermal isolation 
between 300 K, 50 K, and 3 K. At the end of the waveguide 
the radiation is launched with a conical horn into a crossed-
Dragone optics box, which produces a plane wave incident 
onto the Eccosorb slab, and then the detectors. The Eccosorb 
slab acts as a cold attenuator. A thin PTFE membrane in the 
waveguide at 3 K absorbs stray IR radiation from the 300 K 
end. 

As shown in Fig. 2, the source is connected to the cryostat 
through a 20 dB coupler, which helps minimize reflections. A 
Virginia Diodes zero-bias diode detector on the through port 
of the coupler allows us to continuously measure the output 
power of the source.  

 
Fig. 2 Simplified schematic of the test configuration. 

 

III. INITIAL RESULTS 
In the process of commissioning this test setup, we have 

made a number of initial measurements of an array of horn-
coupled aluminum LEKID devices. The design and 
performance of these devices is described in detail in [1]. 

A. Spectral Response Measurements 
To measure the spectral response of detectors, we connect a 

Hittite HMC-20 signal generator to the PIN-diode switch at 
the input of the multiplier. We square-wave modulate the PIN 
switch and synchronously demodulate the resulting detector 
data to track and remove any drift. An example spectral 
response measurement is shown in Fig. 4. 

B. Time Constant Measurements 
One of the unique features of this system is that the PIN-

diode modulator allows us to inject extremely short duration 
pulses of millimeter wavelength power, which is useful for 
measuring the time constant of our detectors. The lumped-
element kinetic inductance detectors (LEKIDs) that we built 
and tested have time constants <100 µs. In particular, the 
quasiparticle recombination time constant is an important 

parameter for studying the physics and performance of the 
devices. This time constant is typically measured using either 
pulses of light from an LED, or from the cut-off frequency in 
the device noise spectrum [2]. In contrast, we are able to 
directly observe the response of our devices to rapid pulses of 
millimeter wavelength radiation. An example measurement of 
device time constant versus bath temperature is shown in 
Fig. 5. 

 
 
 

 
Fig. 3 Upper left: the millimeter wavelength source, coupler, isolator, and 

diode detector. Right: waveguide plumbing. Lower left: detailed view of the 
horn and entrance to the optics box. 

C. Responsivity Measurements 
This test setup provides two independent methods of 

measuring the detector responsivity. First, the blackbody load 
temperature can be stepped to directly provide a measurement 
of detector output per kelvin. Second, the broadband 
millimeter wavelength source power can be adjusted with the 
variable attenuators. The source output power is continuously 
measured with the zero bias detector, providing a precise 
measurement of the relative power incident on the devices 
under test, relaxing the impact of the stability and repeatability 
of the attenuators. We are currently working on cross 
calibrating these two methods to provide high confidence 
measurements of both the power and temperature responsivity 
of our detectors. 

D. Initial Noise Measurements 
By combining the measured responsivity with the raw noise 

in the recorded detector time series, we are able to directly 
calculate the noise equivalent power or temperature (NEP or 
NET) of our detectors. Once we are confident in our absolute 
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power calibration, this information can be used to provide a 
measurement of the optical efficiency of the detectors. We 
will present initial results at the conference. 

 

 
Fig. 4 Example spectral response measurement of an array of aluminum 
LEKIDs obtained using this setup. Each of the gray curves shows the response 
of a single detector. The response of a single detector is highlighted in blue for 
clarity. The average response across the array is shown by the thick red curve. 
The fringing is due to reflections in the test setup rather than the intrinsic 
detector response, and can be corrected for. 

 
Fig. 5 Left: example time constant data from an aluminum LEKID, measured 
as a function of bath temperature. The time constant saturates below 300 mK 
because of background illumination from the Eccosorb. Right: The device 
response to a 2 µs wide pulse of radiation from the millimeter wavelength 
source. 

 

IV. FURTHER APPLICATIONS 
In addition to the features demonstrated here, we are 

working to commission a number of other modes of operation. 
A few examples are given below. 

To check detector arrays for undesired response to high 
frequency out-of-band radiation, we plan to use the WR6.5 
waveguide as an over-moded “light pipe” coupled to a Martin-
Pupplet interferometer outside the cryostat. We have also 
begun to use the interferometer to more accurately 
characterize the spectral shape of the millimeter wavelength 
radiation produced by the source. 

The rectangular waveguide and crossed-Dragone optics 
provide extremely high polarization purity. By inserting 
waveguide twists of different angles before the horn, we can 
measure the polarization response of the detectors under test. 
In the future we may also add a rotatable cryogenic half-wave 
plate to the optical path to provide more fine grained 
polarization characterization. 

V. CONCLUSIONS 
This test facility provides a number of novel features that 

are particularly useful for characterizing ultra-sensitive 
detectors (especially LEKIDs) under realistic optical loading 
conditions for space, sub-orbital, and ground-based 
experiments. 
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Abstract— We will present an analysis of the sensitivity and a 
preliminary design of a multiplexed THz direct detector array 
utilizing normal metal titanium (Ti) hot-electron nanobolometers 
(nano-HEB) as sensing elements. The readout technique employs 
direct reading of the electron temperature via a correspondent 
Johnson noise. In contrast to its superconducting transition-edge 
sensor (TES) counterpart, the normal-metal nano-HEB can 
operate within a very broad range of cryogenic temperatures 
(0.05 - 9 K) depending on the anticipated radiation background. 
The array does not require bias lines, 100s of nano-HEBs can be 
read by a single low-noise X-band amplifier via a filter bank 
channelizer. The modeling predicts that the Noise Equivalent 
Power (NEP) is fundamentally limited by the amplifier noise, 
with a NEP = 3 ×  10-20 W/Hz1/2 expected at 50 mK. 

I. INTRODUCTION 
Moderate resolution spectroscopy in space will require very 

sensitive THz detectors in order to take advantage of the ultra-
low radiation background expected under the condition of the 
cryogenically cooled primary telescope mirror. 
Superconducting nano-HEB detector (= hot-electron TES) 
made from Ti is one of the most sensitive THz detectors 
demonstrated to date [1]. Because of its small (submicron) 
size and a weak electron-phonon coupling constant in the 
material, a much lower thermal conductance than in a SiN 
membrane suspended TES has been achieved [2]. A low NEP 
≈ 3×10-19 W/Hz1/2 has been demonstrated via direct optical 
measurements [3]. However, the operation of an array of 
superconducting nano-HEBs requires individual SQUID 
amplifiers instrumented into some multiplexed scheme as well 
as numerous circuits for dc bias and flux bias of the SQUIDs 
[4], [5]. Also, the detector material’s critical temperature, TC, 

must be tuned uniformly across the array to some low value (~ 
0.1 K) desirable for operation. 

In this paper, we analyze an alternative approach to the 
nano-HEB, which combines the high thermal sensitivity 
inherent in this type of detector with the simplicity of the 
readout offered by the Johnson Noise Thermometry (JNT) [6]. 
In order to achieve that, the nano-HEB must be made from a 
normal metal (non-superconducting) material with 
superconducting contacts made from the material with high 
critical temperature (e.g., Nb, NbTiN) in order to facilitate the 
Andreev reflection mechanism preventing fast diffusion of hot 
electrons. THz photons absorbed in an antenna-coupled nano-
HEB raise the electron temperature that leads to an increase of 
the Johnson noise. The latter is read by a sensitive (ideally, 
quantum-noise limited) rf amplifier connected to the detector 
via a transmission line and a bandpass filter.  

II. COOLING MECHANISMS FOR ELECTRONS 
In bolometers, low thermal conductance is the key for 

achieving the lowest NEP fundamentally limited by the 
thermal energy fluctuations (TEF or “phonon” noise). The 
electron-phonon (e-ph) thermal conductance Ge-ph in Ti has 
been thoroughly studied [2], [7]. It is so low in submicron-size 
devices that the TEF noise limited NEPTEF < 10-20 W/Hz1/2 can 
be expected at 40-50 mK.  

Because of the nature of the readout, the normal metal 
nano-HEB has an additional pathway for cooling, an emission 
on microwave photons [8]. The corresponding thermal 

Fig. 1. Cooling pathways for hot electrons in a normal metal nano-HEB. As in 
TES HEBs, electrons cool via emission of acoustic phonons in the device. 
Also, because of the necessity to read the Johnson noise within a bandwidth 
Δf, additional cooling occurs via emission of microwave phonons. 

Fig. 2. Microwave photon mediated thermal conductance as function of 
temperature and frequency (Δf = 10 MHz). 
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conductance Gγ is shown in Fig. 2. Whereas at low readout 
frequency Gγ  (~ 0.1 fW/K for Δf = 10 MHz) can be larger 
than Ge-ph (~ 0.01 fW/K @ 50 mK for a 0.5µm × 0.25µm × 
20nm Ti device), the role of the photon cooling diminishes as 
the readout frequency increases. A readout frequency f ~ 10 
GHz is also desirable for instrumenting a large number (100s) 
of 10-MHz-wide frequency bands using a single low noise 
amplifier (e.g., kinetic inductance parametric amplifier [9]).  

III. NOISE EQUIVALENT POWER 
Details of the NEP analysis can be found in [6]. It turns out 

that the filter bandwidth and the summing amplifier noise 
temperature, TA, define the overall system sensitivity. The 
lowest NEP value which can be achieved with this detector at 
50 mK (and below) is limited by NEPJNT ≈ kBTA(2Δf)1/2 = 
3 × 10-20 W/Hz1/2. (see Fig. 3). The analysis shows that the 
noise bandwidth (the readout frequency range within which 
NEP is constant) of the Ti HEB is about 7-10 GHz even at 
temperatures of 50-100 mK. Materials with weaker e-ph 
coupling (Bi [10], graphene [11]) may have even larger noise 
bandwidth at 50 mK since the ratio Gγ/Ge-ph at f = 0 will be 
higher in those cases.  

IV. POWER SATURATION AND DYNAMIC RANGE 
 By employing a normal (non-superconducting) absorber, 

we allow a significant increase of the electron temperature in 
the normal metal HEB without hard saturation of the output 
signal. The practical limit is set by the critical temperature of 
superconducting Andreev contacts (9.3 K for Nb) and 
corresponds to an optical load ≈ 7 nW per pixel. This is a huge 
number in comparison with that for TES detectors with similar 
sensitivity. The dynamic range of the sensor can be as large as 
100 dB. The parametric amplifier [9] will not limit the output 
signal even for a 1000-pixel HEB array since it has a very 
large 1-dB gain compression input power level of -52 dBm.  

Beside the high sensitivity application on a space telescope, 
such a detector can be employed with practically any 
background expected in suborbital and ground based 
receivers. Depending on the expected photon noise NEP the 
operating temperature can be chosen in the range 0.05-9 K.  

V. CONCLUSIONS 
The proposed nano-HEB offers an attractive combination of 

qualities not found in other sensitive THz detectors, namely 
high sensitivity, large dynamic range, large multiplexing ratio, 
absence of dc or rf bias, relative simplicity of fabrication and 
suitability of the same detector element for multiple 
applications. Beside the high sensitivity, the normal metal 
bolometer does not have any hard saturation limit and thus can 
be used for imaging with arbitrary contrast. Using a broadband 
quantum noise limited kinetic inductance parametric amplifier, 
100s of normal metal HEBs can be read simultaneously 
without saturation of the system output. 
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Fig. 3. Modeling results for NEPTEF (dashes) and NEPJNT due to the readout 
noise (solid lines). At 50 mK, a contribution of the Gγ (larger NEPTEF) can be 
seen below 7 GHz. At higher temperature, Ge-ph dominates (NEPTEF does not 
depend on the readout frequency). At any temperature, NEPJNT dominates 
exceeding the corresponding NEPTEF by an order of magnitude. 
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Abstract— We have designed, fabricated and tested 

superconductor-insulator-superconductor (SIS) mixers based on 

Nb/AlN/NbN twin tunnel junctions for waveguide receiver 

operating in frequency range of 790 - 950 GHz. The 

electromagnetic simulations and measurement results are 

presented. The junctions have high gap voltage of 3.2 mV and 

high current density of about 30 kA/cm2 providing wide receiver 

band confirmed by FTS and noise temperature measurements. 

The corrected receiver noise temperature is varying from 250 K 

at low frequencies to 500 K at the high end of the band. We 

observed the junction heating caused by the Andreev reflection 

and studied the influence of it on the SIS junction characteristics.  

 

I. INTRODUCTION 

In 2006 the CHAMP+ heterodyne array [1] was installed on 

the APEX telescope [2]. It is composed of 14 pixels, divided 

into two sub-arrays of 7-pixels each, arranged in a hexagonal 

configuration. The RF tuning range is 620-720 GHz for the 

450 μm and 790-950 GHz for the 350 μm sub-array. 

The low frequency band array was based on the state of the 

art SIS receivers developed for the ALMA Band 9 – a result of 

few years research and development. At the same time, for the 

high band mixers it was made only one design, without 

iterations. 

Here we present our work on a new batch of SIS mixers for 

790-950 GHz, which is dedicated to upgrade the existing 

CHAMP+ high band array.  

II. DESIGN AND FABRICATION 

We have developed a SIS mixer based on high critical 

current density Nb/AlN/NbN junctions with the normal state 

resistance to area product RnA = 7 Ohm/µm2, which 

corresponds to current density Jc = 30 kA/cm2. Due to the 

high current density of produced AlN barrier a higher 1/RC 

ratio for the junctions is realised, providing a wider receiver 

band. The Nb layer of the junction is attached to the NbTiN 

bottom electrode of the microstrip line and the NbN layer is 

contacting the top electrode made of Al. 

In order to make a wide band receiver, we have used a twin 

SIS junction (each single junction of the twin has area of 

0.5 µm2), which is coupled by an antenna to the field of 

rectangular waveguide 300x75 µm (see Fig.1). 

  

Fig. 1  Photo of the SIS mixer (including the antenna and the filter structure) 

installed in a waveguide. The central part with SIS twin junction is magnified. 

 

III. MEASUREMENTS 

A. FTS results 

Due to possible variations in microstrip dimensions and 

junctions parameters caused by production process, a set of 

design modifications were implemented. In addition, there was 

an uncertainty about specific capacitance Cs of the SIS 

junctions with the AlN barrier, which was assumed to be 

Cs = 60 fF/µm2 in [3] for critical current Jc = 56 kA/cm2 and 

was measured as Cs = 85 fF/cm2 for Jc = 50 kA/cm2 in [4] 

and, also, was estimated as Cs > 100 fF/cm2 for 

Jc > 20 kA/cm2 in [5] and [6]. 
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The measured FTS response of the receiver is presented on 

Fig.2 together with results of simulations. According to the 

best fit between the data and the simulations the specific 

capacitance is Cs = 80 fF/cm2. The receiver response is shown 

to be more than 200 GHz wide, however it is clear that design 

should be corrected to shift the response to a higher 

frequencies for better coverage of desired 790-950 GHz range. 

One can see how the distribution of the energy between the 

junctions of the twin mixer (see dashed curves on Fig.2) helps 

to widen the bandwidth. The low frequency roll-off of the 

response is due to the waveguide cut-off. 

 

Fig. 2  Measured FTS response of the twin mixer – read dotted line; 

simulations of the response – blue solid line; simulated response of each 
single SIS mixer of the twin – dashed lines. 

 

B. Noise Temperature 

The noise temperature measurements are depicted on Fig.3. 

The data is already corrected for an LO injection beam splitter. 

For the best junction the Tn level is about 250 K at low 

frequency end and it goes up to 500 K at high frequencies. 

Since the receiver bandwidth was expected to be very wide, 

additional sensitivity measurements were done around 

700 GHz, for one of the mixers. The results are in good 

agreement with the FTS data (see Fig. 2). 

 

Fig. 3  Corrected DSB noise temperature. Data for three different mixers is 

presented. For one of the mixer there were measured additional points at 
lower frequencies (squares). 

C. Heating due to Andreev reflection 

While choosing the Nb/AlN/NbN technology for the SIS 

junction fabrication with the NbTiN/SiO2/Al three-layer for 

the embedding microstrip circuit correspondingly, we 

expected an SIS heating effect [7] [8]. The thermal electrons 

in Nb layer are trapped between two higher-gap 

superconductors, and, as result, the electron gas is locally 

heated. The effect of heating is not visible on a single SIS IV 

curve (there is no negative resistance near the gap voltage), 

but the gap voltage Vg is sufficiently decreased when LO 

signal is applied to pump the SIS mixer (see Fig.4). Still, the 

Nb/AlN/NbN junction has high gap voltage and provides, as it 

was expected, a wide enough interval of bias voltages abound 

2 mV, making is easy to operate the mixer. 

 

Fig. 4  IV-curves of a SIS twin junction: “unpumped” – no LO power is 

applied, “pumped 1” – LO power providing optimal Tn is applied, 

“pumped 2” over-pumped curve. LO frequency is 810 GHz. The measured Y-
factor for 77 K/300 K loads is shown by dotted curves: “Y-factor 1” 

corresponds to “pumped 1” IV curve, “Y-factor 2” - to “pumped 2” one. Y-

factors here should be corrected on 64% beam splitter to give a noise 
temperature point on Fig.3. 

The gap voltage Vg is reduced by 0.1 mV for the LO power 

level giving the best noise temperature (curve “pumped 1” on 

Fig.4). It should be mentioned, that the optimal pumping level 

(ratio of the LO induced current to the gap current Ig) is only 

about 12%, which is about twice lower than for the regular 

single SIS mixers and can be explained by heating and by 

misbalance of power between the individual SIS junctions of 

the twin. 

It was observed one more side effect of junction heating. 

Normally, the external magnetic field, required to suppress the 

SIS junction critical current, is independent on the LO power. 

Yet, in our measurements the required H-field level was 

changing drastically with the pumping level. The magnetic 

field is the same for both “Y-factor 1” and “Y-factor 2” curves 

on Fig.4, but there is strong deep on the second curve between 

1.4 and 2.1 mV due to the critical current. This effect makes 

additional difficulties for the receiver operation. 

To estimate the deterioration of the Tn due to heating of the 

junction, we have measured the mixer parameters at lower 

bath temperatures. By cooling down the mixer to the 

temperature of 2 K the Vg was increased by exactly 0.1 mV 

and compensated the Vg reduction caused by the LO power 
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giving the 12% pumping level. In this case, the measured 

noise temperature is 10% less than at 4.2 K. However, we 

should keep in mind, that this measurement gives only 

estimation, because for 2 K bath temperature with applied LO 

power the NbN energy gap corresponds to 2 K (higher then for 

4.2 K), but the Nb layer energy gap is lower than at 4.2 K due 

to LO signal heating, still, in combination they give the same 

Vg in both cases. 

 

IV. CONCLUSIONS 

The measured noise temperature is already 10% better than 

average of existing CHAMP+ high frequency mixers, installed 

on APEX telescope [1]. From other hand, the junction heating 

leads to increasing of the noise temperature by at least 10% 

and makes difficult the critical current suppression. 

Overcoming of a heating problem by replacing the NbN layer 

of the SIS junction by a pure Nb and correction of the design, 

or even switching to a single-junction option, it should give a 

reasonable improvement in sensitivity of the mixers, making it 

worth for the upgrade. The final goal is to reach the same, or 

even better, sensitivity as for the state of the art mixers for 

ALMA Band 10 made by a Japanese group [9], which perform 

1.5 times better nose temperature at the moment. 
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Abstract— We are developing 100GHz SIS mixers to meet the 
requirement of “FOREST”, which is a new multi-beam array 
receiver in 100GHz band developed for 45-m millimeter wave 
telescope located at Nobeyama Radio Observatory (NRO), Japan 
[1].  FOREST has four (=2x2) beams which has an ortho-mode 
transducer and two sideband-separating (2SB) mixers, and 
obtains 16 IF signals with high-sensitivity. The final goals of our 
new SIS mixer are the noise temperatures of lower than 40 K 
within a range of 70‒120GHz of RF band and of 4‒12 GHz of IF 
band. 

I. INTRODUCTION 
The present SIS mixer operating in FOREST has bow-tie 

probe antennas, stepped-impedance choke filters, a coplanar 
inductor loaded microstrip transformer and a series array 
junction (e.g. Fig. 1), however has no specific structure for IF 
signals. The result of the measurement shows however that 
noise characteristics become worse rapidly toward the higher 
IF frequency, independently of frequency of RF signals. This 
characteristics is common among all mixers, and thus this fact 
indicates that the impedance matching for both RF and IF 
signals should be seriously investigated for the improvement 
of the high frequency and wideband receiver system.  

 

  
Fig. 1  Present SIS mixer in 100-GHz band operating in FOREST 

II. DESIGN 
We are designing and analyzing some wide-band elements 

such as probe antennas, choke-filers and tuning circuits. The 
combination of reduced height of waveguide and fan-shaped 
probe antenna is one of the best solution which can cover a 
range of 70-120 GHz of RF band. We have designed the feed-
point impedance of this probe antenna to be 30 ohm without 
complex circuit (e.g. Fig. 2).  
 

   
Fig. 2 The fan-shaped probe antenna and its impedance characteristics 

For wider IF bandwidth, We have changed the present 
choke-filter to another low-pass filter called ‘Hammer filter’ 
which has good frequency selectivity. We have designed this 
hammer filter to stop RF signals and transmit IF signals 
without significant reflection loss (e.g. Fig.3). The size of this 
Hammer filter is small enough to integrate in tuning circuit, so 
that we can make an IF readout line connecting to SIS 
junctions directly.  

 

                 
Fig. 3 The structure of Hammer filter and its characteristics (5cells) 

We are optimizing each element by measuring test pieces, 
then combine them with series array SIS junction to make a 
new mixer. At the conference, we describe our approach and 
progress of the development of the new mixers.  
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We have successfully fabricated superconductor-insulator-

superconductor (SIS) junctions with current densities ranging 

from 10 – 30 kA/cm2.  Junction IV-characteristics, measured at 4 

K, show normal state to sub-gap resistance ratios of ~12 and gap 

voltages 2.8-2.9 mV.  For current densities beyond 30 kA/cm2 

junction quality slowly starts to degrade.  The gap voltage can be 

tuned by varying the thickness of the Al over layer, estimated to 

be 6-8 nm. The Nb/Al,AlN/Nb tri-layers are made in a dual 

chamber system with ultra-high vacuum capability.  Nb and Al 

films are deposited by magnetron sputtering in the first chamber. 

A second adjacent chamber is equipped with an inductively 

coupled plasma source which allows the formation of the ultra-

thin aluminium nitride barrier.  The system configuration is 

similar to the ones reported in [1] and [2].  We have 

systematically investigated the relation between nitridation 

conditions, e.g. nitrogen flow/pressure, plasma source to 

substrate distance and power input, and the resulting junction 
  

 

 
Fig. 1  Junction current density as a function of nitridation time.  Nitrogen 
pressure 30 mtorr, RF power coupled to plasma 440 W, plasma source-

substrate distance 15 cm (●), 17 cm (♦).  
 

 

 

 

 

 

 

 

 
 

properties.  While a fixed set of parameters determines the 

nitridation rate, we found that nitridation conditions do not 

influence the junction quality.  The presence of rest gases such as 

water and oxygen in the nitridation chamber is critical for the 

reproducibility of the nitridation rate.   Extra measures were 

taken to keep those rest gas levels at a minimum.    

SIS mixers based on these high-jc junctions are potentially 

interesting for heterodyne receivers where a high fractional 

bandwidth is required. 
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Fig. 2  IV-characteristics of junctions with nominal diameter j=1 m (blue, 

red) and j=0.75 m (green). The current density is about 24 kA/cm2.   
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Abstract—An integrated dual polarization (IDP) mixer at 350 GHz, which integrates a superconductor-insulator-superconductor (SIS) junction 

mixers with a planar orthomode transducer (OMT), has been designed and fabricated. The IDP mixer makes a receiver system with dual 

polarization observation capability more compact, which is significant factor for multi-pixel receiver. The orthogonal waveguide probes separate 

the incoming signals from a circular waveguide into two polarizations, and then the signals propagate to individual SIS mixer through the 

integrated transmission line which also behaves as an impedance match circuit. All circuits are implemented on a 2m thick silicon nitride 

membrane which is suspended in a gap of 20 um across the circular waveguide. The devices were fabricated by a standard Nb-based SIS junction 

technology and SiN/Si membrane process. We have measured the performance of fabricated IDP mixers. The double-side-band (DSB) receiver 

noise temperature (Trx) of both polarizations, measured simultaneously in a 4K cryostat, is approximately 100K at between 332GHz and 372GHz. 

The isolation of cross polarization is approximately 20dB. The detail of fabrication and performance of IDP mixers will be presented. 
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Abstract— We report on design and characterization of a 

superconducting Hot Electron Bolometer Mixer integrated with a 

logarithmic spiral antenna for mid-IR range observations. The 

antenna parameters have been adjusted to achieve the ultimate 

performance at 10 µm (30 THz) range where O3, NH3, CO2, CH4, 

N2O, …. lines in the Earth’s atmosphere, in planetary 

atmospheres and in the interstellar space can be observed.  

The HEB mixer is made of a thin NbN film deposited onto a 

GaAs substrate. To couple the radiation we rely on the quasi-

optical approach: the device is glued to a semi-spherical 

germanium lens with diameter ~ 3 mm. A wet cryostat equipped 

with a germanium window and narrow band-pass filter is used to 

characterize the antenna and estimate the mixer performance. 

I. INTRODUCTION 

Mid-IR range observations play an important role in 

studying the Earth’s atmosphere, planetary atmospheres and 

astrophysical objects [1]. Mid-IR heterodyne instruments, 

such as THIS [1-2], HIPWAC [3-4] and others, have 

demonstrated their unique capabilities in planetary astronomy, 

achieved primarily due to unprecedented spectral resolution 

reaching ~107. Ground-based observations of Mars, 

Venus and Titan with these instruments have resulted in 

precise measurement of temperature, wind velocities and 

concentration abundances of the atmospheric gases. Not only 

heterodyne detection provides much higher spectral resolution 

than other spectroscopic techniques, it also preserves 

frequency and phase information, that may be important in 

such applications as space communication and navigation.  

Development of mid-IR heterodyne instrumentation has a long 

history starting from 1960s [5]. In most of these studies, a 

mercury cadmium telluride (MCT) photo diode was used as 

the mixer operating in the 8-14 µm range, allowing for IF 

bandwidth of ~1 GHz. 

Another possible candidate for mid-IR mixing is the HEB 

mixer whose conversion efficiency is nearly frequency 

independent until the plasma frequency of the metal is 

achieved. Successful operation of the HEB mixer has been 

demonstrated at wavelength of 10.6 µm [6-7] and 1.5 µm [8]. 

It was demonstrated that such a mixer can rely on the direct 

absorption of the incident radiation and the NbN bridge size 

would be determined by the diffraction limit at the chosen LO 

frequency [6]6-7]. As the efficiency of coupling incident 

radiation to the thin-film HEB mixer is limited, a special field 

amplification photonic device is needed to achieve acceptable 

performance of the heterodyne detection [8]. To decrease both 

signal losses and the LO power needed, we have proposed a 

wide-range spiral antenna centered at 10.6 µm and designed 

with help of HFSS [9].  

II. DEVICE LAYOUT 

The mixers are made of an ultrathin NbN film deposited on 

GaAs substrates. The NbN bridge sized to 0.25 × 0.75 µm2 is 

imprinted into a planar logarithmic-spiral antenna. Two 

different antennas have been simulated. For the experiments, 

the HEB mixer is installed on the cold plate of a LHe cryostat. 

A germanium window and an extended semi-spherical 

germanium lens with a diameter of ~ 4 mm are used to focus 

the incident radiation on the antenna.  

 

 

Fig. 1  Scetch of the central part of antenna type A (left) and antenna type B 

(right). Dimensions are shown in micrometers. 
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Fig. 2  Simulated directivity for antennas A and B. 

 

 

Fig. 3  Simulated efficiency the antennas vs. frequency. 

The cryostat is equipped with a germanium optical 

interference filter which is ~ 0.5 mm thick. Center wavelength 

of the filter is either 10.4 µm or 10.6 µm, the half-power-

bandwidth - ~200 nm. 

A. Antenna design and simulation 

Central parts of the two antennas (Type A and Type B) are 

shown in Fig. 1. 

Fig. 2 represents simulated directivity and Fig. 4 shows 

efficiency as a function of frequency for both antennas. 

B. Fabrication of the antenna-coupled HEB mixer 

The mixers are made of ultrathin NbN film deposited on 

GaAs substrates (which possess good transparency in the 

desired range) by reactive magnetron sputtering. For the film 

deposition, we used two different sputtering systems: Leybold 

Heraeus and AJA Orion. Processing parameters were adjusted 

to achieve better characteristics of the NbN film. As GaAs 

substrates cannot be heated to high temperatures, a 

compromise between achievement of high critical temperature 

for NbN film and the possible heating is needed. Table I 

summarize NbN film deposition parameters and measured 

characteristics of the NbN film. Fig. 4  SEM image of the 

antenna type A. depicts a SEM micrograph of a device of 

Type A. 

 

TABLE II 
NBN FILM PROCESSING PARAMETERS FOR DIFFERENT SPUTTERING SYSTEMS 

Parameter 

Sputtering system 

Leybold 

Heraeus 

AJA Orion 

Target – substrate  distance, cm 7 16 

Target diameter, ” 4 2 

Residual pressure, mbar 2.1⋅10-6 4⋅10-7 

Deposition temperature, °C 200 200 

Deposition rate, A/s 11 1.3 

Film thickness, nm 4.4 5.3 

Rs , Ohm/□ 450-580 490-500 

Tc , K 7.8 7.5 

ΔTc , K 0.36 0.45 

k=R300/R20 0.8 0.83 

 

 
Fig. 4  SEM image of the antenna type A. 

III. EXPERIMENTAL PLANS 

To estimate performance of the fabricated devices, the 

following measurements are needed: 

 Antenna directivity and input bandwidth measurement, 

 HEB mixer sensitivity and noise performance 

measurement. 

IV. CONCLUSIONS 

In conclusion, we have simulated and fabricated antenna-

coupled HEB mixers for mid-IR range. It has been predicted 

that such mixers would demonstrate a quantum-limited 

sensitivity combined with a sufficiently wide IF bandwidth. 

With use of a planar antenna, one can decrease the LO power 

required to a readily available amount of power provided by a 

compact state-of-the-art source such as quantum-cascade-

laser. 
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Abstract— We present an overview of the electronically tuned 

Local Oscillator (LO) system developed at IRAM for the 

Superconductor-Insulator-Superconductor (SIS) receivers of the 

NOrthern Extended Millimeter Array interferometer (NOEMA). 

We have modified and extended the LO designs developed by the 

National Radio Astronomy Observatory (NRAO) for the 

Atacama Large Millimeter Array (ALMA) project to the four 

NOEMA LO frequency ranges 82-108.3 GHz (Band 1), 138.6-

171.3 GHz (Band 2), 207.7-264.4 GHz (Band 3), 283-365 GHz 

(Band 4). The NOEMA LO system employs commercially 

available MMICs and GaAs millimeter MMICs from NRAO 

which are micro-assembled into Active Multiplied Chain (AMC) 

and Power Amplifier (PA) modules.  

We discuss the problem of LO spurious harmonics and LO 

signal directly multiplied by the SIS mixers which add extra noise 

and result into detection of unwanted spectral lines. A waveguide 

filter is used in the LO path to suppress the higher order 

harmonics of the LO at the output of the final frequency 

multiplier, thus mitigating the undesired effect and improving 

the system noise temperature. 

I. INTRODUCTION 

For many years, the wide-band millimetre-wave heterodyne 

SIS receivers installed on the six 15-m diameter antennas of 

the IRAM Plateau de Bure interferometer have employed local 

oscillator systems based on commercial solid-state Gunn 

oscillator [1] cascaded with frequency multipliers [2]. The 

Gunn oscillator systems have proved to perform reliably on-

site. However, the tuning of the oscillators by two motorized 

mechanical backshorts was time consuming and not perfectly 

reproducible. Thus, with the advent of NOEMA, we have 

decided to replace the Gunn LO systems with new 

electronically tuned LO systems. The NOEMA project aims at 

upgrading the PdBI interferometer from six to 12 antennas 

equipped with new dual-polarization quadri-band sideband 

separating (2SB) SIS receivers delivering four ~3.8-11.6 GHz 

IF bands. As part of this project we have extended, with some 

modifications, the LO design developed by NRAO [3] for the 

ALMA project to the four NOEMA frequency bands: the 

Band 4 (283-365 GHz) electronically tuned LO has been in 

use in the first six PdBI antennas since 2010, while a 

prototype of electronically tuned LO system for Band 1 (82-

108.3 GHz) has been installed very recently in the new 

NOEMA antenna, Ant. #7. Following the successful 

development of the LO Band 1 prototype, a series of four 

Band 1 LO systems is currently being fabricated.  The Gunn 

oscillators systems which have been in use on Bands 2&3 are 

going to be maintained on the seven antennas already 

available, while an electronically tuned LO prototype has been 

designed to cover simultaneously the NOEMA Bands 2&3 

using a mm-wave switch associated with a doubler (Band 2) 

and a tripler (Band 3).  

We present some of the design features of the NOEMA LO 

systems by pointing out their main differences with respect to 

the NRAO LO systems developed for ALMA. The 

performances in the different NOEMA LO bands will be 

discussed. Also, we will discuss our measurement results of 

the spurious harmonics content of the LO system and the 

adopted solution to reject such harmonics using a wide-band 

waveguide filter.   

II. NOEMA LO SYSTEM 

A synoptic diagram for the four bands of the future 

NOEMA LO system is shown in Fig. 1. Three independent 

commercial YIG oscillators (MLXS-1783, MLXS-1795 and 

MLOS-1604) [5] will be used: a) one covering 12.86-

19.53 GHz for Band 1 (82-108 GHz); b) one covering 11-15 
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Fig.1 Synoptic diagram of future all electronic LO system for the NOEMA 
interferometer. 
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Fig. 2 Active Multiplier Chain (AMC), Power Amplifier (PA) and 3 dB coupler which are parts of the NOEMA Local Oscillator system. Design details of the 

multiplication chain microassembly of the AMC1, used in the NOEMA Band 1 LO, are shown on the inset on the top left. Details of the 3 mm band MMIC 

microassembly of the PA1, to be used in a future 3 mm multibeam receiver LO, is shown on the inset on the top right.  

 

GHz for Band 2 (138.6-171.3 GHz) & Band 3 

(207.74 264.38 GHz), which will share this common drive 

oscillator, and c) one covering 15-21 GHz for Band 4 (283-

365 GHz). Single AMC and PA modules, named AMC2-3 and 

PA2-3, will also be used for both Band 2 and Band 3. The 

Band 1 LO will operate continuously by means of a dedicated 

YIG oscillator and a dedicated reference in order to always be 

available for calibration purposes. Two first PLL reference 

signals (REF1, 13-16.4 GHz) from two independent modules 

employing four output connectors are available in the system. 

One module provides the first reference for Band 1, while the 

second module provides the reference for Band 2&3 and for 

Band 4. The second PLL reference (REF2, 100 MHz) is 

distributed between all PLLs through a splitter. All LOs are 

locked with the REF2 signal using an harmonic mixer (HM) 

which is coupled with the AMC module and pumped by 

REF1. The 100 MHz IF from the HM is filtered and amplified 

before entering the 100 MHz PLL box. A CAN interface 

controls the YIG PLL as well as the AMC and PA bias 

allowing to change the magnitude of the LO power available 

at  the LO system output. The output of the common Band 2 

and Band 3 module is connected to a mechanical switch which 

diverts the LO signal to either a frequency doubler for Band 2 

or a frequency tripler for Band 3. The non-switched positions 

of the switch are terminated by a waveguide load in order to 

absorb the LO power of the unselected band. The Band 1 LO 

employs only an AMC while the Band 2&3, and the Band 4 

LO use an AMC followed by a PA and a 3dB recombination 

hybrid coupler. 

III. LO DESIGN 

The architecture of the AMC and PA MMIC micro-assembly 

is very similar for all four NOEMA bands and only the Band 1 

modules are presented here. The Band 1 PA and 3 dB coupler 

find application in a LO system for a future 3 mm multibeam 

receiver but they are not used in the NOEMA Band 1 LO 

system. 

A. AMC and PA 

Here, we present the details of the AMC, the PA and the 3 dB 

coupler with base specifications which were taken for the 

initial LO Band 1 design (~85.7-108.2 GHz, see Fig. 2).  

Measurement results proved that the LO Band 1 system work 

very well and that even the more extended goal bandwidth, 

~82-108.2 GHz, could be achieved (see Fig.1). In Fig. 2, the 

PA and the 3 dB coupler are presented in reverse orientation 

compared to the AMC to show the details of the MMICs 

packaging.  

In the AMC1, the 14.29-18.04 GHz input signal coming 

from the YIG oscillator goes through a 28.58-36.08 GHz 

MMIC frequency doubler, an MMIC amplifier, a band pass 

filter, and a MMIC frequency tripler. At the tripler output, the 

85.744-108.256 GHz signal is amplified by a medium power 

MMIC amplifier [4] and filtered by a pass-band filter. Then, 

the LO signal is coupled, through a waveguide-to-microstrip 

line transition, into a long WR10 waveguide that carries the 

signal at the output of the AMC. Inside the AMC module, a 

fraction of the mm-wave output signal is injected into -10 dB 

waveguide coupler and is sent to the PLL output, which is 

connected outside the AMC module to the PLL harmonic 

mixer.  

The AMC waveguide output is connected to the 

waveguide input of the PA, inside which the main LO output 

signal is split in two arms by a 3 dB hybrid coupler. The signal 

in each arm is amplified by a medium power MMIC amplifier. 

The two PA waveguide outputs are then recombined by a 

second 3 dB hybrid coupler situated inside a different module. 

This hybrid arrangement optimizes the saturated power level 

and the output return loss. 
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B. Micro-assembly 

1) MMIC: Table 1 summarizes, for each band, the types, 

names and frequency ranges of the MMICs which are  

integrated into the modules of AMCs and PAs. Table 2 shows, 

for each band, the name and the frequency ranges of the YIG 

oscillators. 

TABLE I 

           MMIC PROPERTIES 

 

MMIC name 

fmin 

[GHz] 

fmax 

[GHz] 
NOEMA 

Band 
Ampli EBPA 75 60 87 2, 3 

Ampli EBPA 96B 81 110 1 

Ampli EBPA107C 92 122 4 

Tripler 110TRP1 90 124 1, 4 

Tripler 81TRP1 70 92 2, 3 

Doubler HMC 578 24 33 1, 2, 3 

Doubler CHX2091 32 40 4 

Ampli AMMC5040 23 40 1, 2, 3, 4 

 

TABLE II 

YIG PROPERTIES 

YIG Name 

 

fmin 

[GHz] 

fmax 

[GHz] 

NOEMA 

Band 

MLXS1783 12.86 19.53 1 

MLXS1795 11 15 2, 3 

MLOS 1604 15 21 4 

 

2) Filter design: The band-pass filters employed in the AMC 

modules (shown in Fig. 2), were designed with the 

commercial software ADS (Keysight Technologies). They 

consist of six pairs of microstrip coupled lines interfaced with 

coplanar lines at the filter input and output as shown in Fig. 3. 

The lines are deposited on 80 µm thick alumina substrate.  

 

Fig. 3 A typical band-pass filter on alumina substrate showing 

the microstrip coupled lines and the nomenclature of the lines length (l), width 

(w) and gap (s). The filter backside (ground plane) is metallized.  

 

3) Coupler design: The waveguide hybrid couplers (10 dB 

coupling, 90° phase difference) for the PLLs, which are part of 

the AMCs, consist of two λg/4 sections of branch-line 

waveguides. The waveguide hybrid couplers (3dB coupling, 

90° phase difference) of the PAs and 3 dB recombination 

modules consist of six sections of λg/4 waveguide branch-lines 

with variable width, as shown in Fig. 4. The couplers were 

optimized using the commercial electromagnetic solvers ADS 

and CST Microwave Studio. 

 
Fig. 4 Typical 3 dB-90° branch-line waveguide hybrid coupler with six λg/4 

sections used in the mm-wave LO system. A waveguide load is integrated in 
the unused waveguide port. 

IV. LO FABRICATION 

A. LO rack 

Fig. 5 shows the local oscillator rack we have built for the 

NOEMA LO Band 4. DC biasing of the inner LO rack 

modules is provided by a dedicated rack (not shown).  
 

 

Fig. 5  The NOEMA Band 4 LO rack showing the CAN remote control 
interfaces, the YIG oscillator, the AMC, PA and 3 dB combination coupler, 

the PLL HM, the output WR8 waveguide flange as well as the three coaxial 

accesses for REF1, REF2 and IF monitor on the rack front panel. 

B. LO micro-assembly 

Fig. 6 shows a photo of the microassembly around the final 3 

mm band MMIC amplifier located at  the end of the LO 

Band 1  AMC chain. 

 
Fig. 6 Photo showing part of the LO Band 1 AMC chain  microassembly with 
transition from WR10 waveguide to microstrip, the 85.7-108.3 GHz band pass 

filter, the EBPA96B amplifier, the signal coplanar ribbon and the bonding 

wires for biasing the MMIC. 

V. LO MEASUREMENT RESULTS 

A. Output Power 

The curves on Fig.7 show the output powers measured at the 

output waveguide flange of the LO Band 1 rack equipped with 

AMC+PA+3 dB coupler, of order +17 dBm, and equipped 

with AMC only, of order +13 dBm. The output power largely 

exceeds the one necessary for optimum pumping of the 3 mm 
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band NOEMA 2SB SIS receiver, thus requiring a 15 dB 

attenuator to be cascaded with the AMC chain in order to 

bring the LO Band 1 output power within a suitable range. 

 
Fig. 7 Output power of the LO Band1 AMC chain (blue curve) and 
AMC+PA+3dB coupler (red curve). 

VI.  LO SPURIOUS HARMONICS AND FILTERING 

The multiplied chain of the LO system use active and 

passive multipliers which, in addition to the main (wanted) LO 

tone,  might be source of unwanted harmonics at the SIS 

mixer LO input. Thus, an unwanted down-conversion might 

result from a beating of the LO harmonic frequencies and the 

frequencies of the astronomical sources if their frequency 

difference falls into the IF band. This can lead to spurious 

detection of astronomical lines whose frequencies are outside 

the nominal RF band as long as the SIS mixer is able to 

respond to those frequencies. Also, the SIS mixer can act as 

multiplier of the LO frequencies, thus leading to generation of 

unwanted harmonics. Whatever the harmonic generation 

mechanism, if the power of these harmonics is high enough 

(compared to the fundamental tone) to sufficiently pump the 

SIS mixer, it can increase the SIS receiver noise temperature 

by adding noise from the sidebands of the harmonics to the IF 

output. Also, the tones can have enough pumping power to 

produce a detection of unwanted spectral lines on the 

sidebands of the LO spurious during astronomy observations.  

As an example, we have measured the power of the LO 

spurious harmonics present in the signal of a Band 2 Gunn LO 

system consisting of a ~67-90 GHz Gunn (itself working in 

second harmonic) followed by a VDI frequency doubler. The 

LO system is expected to deliver a final LO signal with a main 

tone tunable across ~134-180 GHz. RF signals of frequency 

near  the third harmonic (H3), the fourth harmonic (H4), and 

the fifth harmonic (H5) of the ~67-90 GHz Gunn oscillator 

were injected, in turn, through the receiver RF input in order 

to produce a beat with the spurious harmonics of the doubler; 

these would result in a line detection in the 2SB receiver IF 

bands, either LSB, USB or both. The level of the third 

harmonic of the Band 2 VDI LO doubler was measured across 

the LO band, using a Band 3 (200-276 GHz) SIS receiver as 

detector. We measured the variation of the intrinsic power 

level of H3 of the 130-180 GHz WR6.2x2 doubler [2] as a 

function of frequency with respect to its value at 136 GHz. We 

found that the variation of the H3 power level for frequencies 

above 138 GHz is between 6 and ~30 dB higher than at 

136 GHz.  

In order to mitigate the LO spurious harmonics problem, we  

have designed, fabricated and characterised a ~134-184 GHz 

band pass filter that suppresses the harmonics H3, H4, and 

part of the H5 at the output of the VDI frequency doubler. The 

filter also rejects H3 from the fundamental frequency of the 

Harmonic2 Gunn oscillator, which pumps the Band 2 LO 

doubler. When the doubler H3 of the Band 2 LO is reduced by 

more than 20 dB with a band pass filter, the receiver noise 

temperature at 136 GHz LO decreased ~16 K in the LSB and 

11 K in the USB (measured receiver noise reduced from ~53 

K to ~37 K in LSB). The receiver noise is unaffected by the 

filter for LO frequencies above 138 GHz because the H3 

power level of the doubler is between 8 and ~30 dB lower than 

at 136 GHz. The problem of the Band 2 LO harmonics 

rejection using a band pass filter will be discussed in the 

presentation and in the full paper. 

A similar approach is used to mitigate the spurious 

harmonics in other LO bands: a stainless steel cutoff 

attenuator suppresses the SIS mixer noise excess given by the 

H2 from the Band 4 LO output tripler, while a 15 dB 

attenuator located at the LO output is used to suppress the 

noise excess added to the Band 1 2SB SIS mixer. The excess 

noise temperature given by the Band 4 LO output tripler was 

reduced by 15 K using the cut-off attenuator at the tripler 

output. With a 15 dB attenuator at the Band 1 LO AMC 

output, there is no LO excess noise on the SIS mixer 

compared to a Gunn oscillator.  

VII. CONCLUSION 

We have presented the LO system being developed for the 

NOEMA project and given some details of its design. The 

output power of the Band 4 LO is between +13 and +18 dBm 

across the 93-121 GHz band using an AMC followed by a PA 

and 3 dB coupler modules. The NOEMA LO Band 1 employs 

only an AMC chain delivering between +11 and +15 dBm in 

the 82-109 GHz band. Across the LO Band 1, the power is 

between +16 and +18 dBm when adding a PA and 3 dB 

module in cascade to the AMC chain; such configuration can 

be used for a multibeam receiver LO.  

The generation of spurious harmonics along the local 

oscillator chain is discussed. Measurement results of the 

spurious harmonic content are presented; a solution that 

strongly mitigates the problem by filtering is discussed.    
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Abstract—We present the design and preliminary character-
ization of a cryogenic SiGe low noise amplifier optimized for
direct integration with an SIS mixer. The LNA was designed to
provide 25 dB gain over an IF frequency range of 4–8 GHz. The
noise temperature of the LNA was simulated to be less than 6 K
over the band at a power consumption of 720 µW. The LNA
was directly connected to the SIS mixer block and measurement
results yielded a minimum noise temperature of approximately
40 K at an LO frequency of 214 GHz.

Index Terms—Silicon germanium, cryogenic, superconductor-
insulator-superconductor mixer, low noise amplifier, focal plane
array

I. INTRODUCTION

The pumped output resistance of an SIS mixer is a func-

tion of both the LO frequency and the DC bias point. For

broadband devices, this output resistance is typically well

above the 50 Ω impedance level that is expected at the input

of most cryogenic low noise amplifiers (LNAs). Thus, low

noise amplifiers are usually matched to an SIS mixer either

through an isolator [1], [2] or a matching network [3]–[6].

An alternative approach is to specifically design the amplifier

to achieve nominal performance when its input is terminated

by an SIS mixer. For large-scale focal plane arrays, a direct

connection from an SIS mixer to the low noise amplifier is

needed to increase scalability while maintaining a low-level

of complexity. Silicon germanium (SiGe) cryogenic low noise

amplifiers are an attractive option for the implementation of

these large-scale systems, due to their increased yield and

competitive low-GHz noise performance in comparison with

HEMT based amplifiers [7], [8].

In this paper, we present the preliminary design, implemen-

tation, and characterization of a 4–8 GHz SiGe low-noise IF

amplifier that is optimized for direct integration with an SIS

mixer. The amplifier operates at a DC power consumption of

just 720 µW and was designed to provide greater than 25 dB

of power gain at a noise temperature ranging from 3–6 K over

the frequency band.

II. DESIGN AND FABRICATION

An SIS mixer has an IF output impedance that can be

modeled by a parallel RC circuit, where the resistive com-

ponent is given by the slope of the pumped I-V curve and the

capacitance is related to a combination of the parallel plate

capacitance of the SIS junction(s) and the capacitances asso-

ciated with the embedding circuit. For our initial experiments,
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Fig. 1. SIS mixer properties. (a) Pumped IV curve for local oscillator
frequencies of 210, 218, and 222 GHz. (b) Corresponding small-signal output
resistance

we selected an SIS mixer with the pumped IV curves shown

in Fig. 1. The device is a three junction series array SIS mixer

and is described in [9].

To facilitate the design of an amplifier, the equivalent IF

impedance of the SIS mixer was determined as follows. The

conductance of the SIS junction was found using a linear

regression. The resulting generator resistance is plotted in

Fig. 1 as a function of bias voltage. Since the Y-factor

is maximized near the center of the photon step, we have

chosen a bias voltage of 7 mV as the operating point for

our design. The corresponding output resistance of the mixer

ranges from 100–200 Ω, depending on the local oscillator

frequency. Rather than designing for a fixed LO frequency, we

chose a generator impedance of 150 Ω, which is considerably

higher than the 50 Ω impedance to which a typical LNA is

matched. The intrinsic shunt capacitance of the SIS mixer is

estimated to be 270 fF.

Designing a low-noise amplifier for a large generator

impedance has pros and cons. For a given transistor tech-

nology, the optimum generator impedance is inversely pro-

portional to the device periphery. As low-noise devices are

typically biased at a fixed current density to realize the

minimum noise, a smaller transistor periphery corresponds to

a lower overall current, which translates to a decrease in power

consumption. On the other hand, realizing a broadband match-

ing network given a high generator impedance requires large

reactances, which are not easy to realize using transmission

line components.

As an initial demonstration, we have implemented a two-

stage amplifier using discrete SiGe HBTs fabricated in the
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Fig. 2. Low noise amplifier schematic diagram.
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Fig. 3. Simulated performance of amplifier driven from 150 Ω generator
impedance. The simulation also considers the 270 fF SIS capactiance as
well as the series embedding network. (a) Scattering parameters (b) noise
performance.

IBM BiCMOS8HP technology platform [10]. A schematic of

the low noise amplifier appears in Fig. 2. The equivalent model

of the SIS mixer is shown as a parallel RC block and the IF

choke filter is modeled as a network block, the S-parameters of

which were obtained using HFSS. The input matching network

of the LNA serves to transform the output impedance of the

SIS mixer to the impedance required to minimize the noise

temperature of the amplifier over the 4–8 GHz frequency

range. A dual-bias tee has been incorporated in the input

matching network, with a shunt transmission line providing

a path to supply the SIS bias voltage and a large resistor

allowing for bias to be applied to the base of the HBT. The

SIS bias is further filtered using a commercial surface mount

bias-tee (Marki BT-0014SM-2). A degeneration inductance of

approximately 270 pH is connected between the emitter of the

input transistor and the chassis ground to enable simultaneous

noise and impedance match. Resistors at the output of the first-

and second-stage transistors ensure unconditional stability.

Inter-stage and output matching networks are used to flatten

the gain and provide output matching. Finally, the circuit is

designed to run from a supply voltage of VCC = 0.2 V

at a current of ICC = 3.6 mA, resulting in a total power

consumption of 0.72 mW.

The scattering parameters and noise temperature of the

amplifier were simulated using the models reported in [8]

and the results appear in Fig. 3. These simulations are for

a generator impedance of 150 Ω and include the effect of the

intrinsic capacitance of the SIS mixer as well as the impedance

transformation associated with the SIS IF filter network. All

simulation results have been referenced to the plane of the

intrinsic SIS mixer. From 4–8 GHz, the simulated power gain

is higher than 25 dB, with less than 3 dB of gain variation
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Fig. 4. (a) Close-up of assembled low-noise amplifier. (b) Hybrid
mixer/amplifier module. The mixer chip connects directly to the LNA via
a 0.125mm, 1mm long wire.
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Fig. 5. Block diagram of the measurement setup.

across the band. The simulated input return loss is better than

7 dB over the entire band. For a generator impedance of

150 Ω, the simulated noise performance is below 6 K over the

entire frequency range. Moreover, as the generator impedance

is swept from 100–200 Ω, the noise performance is expected

to change by less than 1 K over the majority of the frequency

range.

III. EXPERIMENTAL RESULTS

The amplifier was assembled using a mixture of bondable

and surface mount components. A close-up of the circuit board

is shown in Fig. 4(a). The board measures just 12.7 mm

by 25.4 mm. A micro-D connector was incorporated into

the housing to provide DC bias to the amplifier and the

SIS mixer. The amplifier housing was designed to mate with

an existing SIS mixer block [9], and a direct connection

was made between the amplifier and the SIS mixer chip

using a 0.125 mm wide, 1 mm long BeCu wire. The hybrid

mixer/LNA assembly is shown in Fig. 4(b).

A block diagram and photograph of the measurement setup

are shown in Figs. 5 and 6, respectively. The mixer/amplifier

assembly was cooled to 4.2 K in a liquid helium cryostat.

A 214 GHz local oscillator was quasi-optically coupled to

the SIS mixer. The output of the LNA was further amplified

by a second gain stage (LNF-LNC4-16A) before exiting the

cryostat. A third amplifier (Minicircuits ZVA-183,2-18 GHz)

at room temperature was used to further amplify the IF signal

before band-limiting and power detection.
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Fig. 6. Photograph of the measurement setup
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Fig. 7. (a) Output power measurement at 77 K and 295 K. (b) Double-
sideband system noise temperature. These measurements are for an LO
frequency of 214 GHz and an IF frequency of 6 GHz.

A double-sideband Y-factor measurement was carried out

using ambient (295 K) and liquid nitrogen cooled black bodies

(77K) placed in the input beam of the receiver. For these

measurements, the IF was centered at 6 GHz with a bandpass

of 40 MHz. For a local oscillator frequency of 214 GHz, the

corresponding signal sideband frequencies were 208 and 220

GHz. The results of the Y-factor measurement, taken with

the amplifier operating at its nominal bias point of 0.72 mW,

are plotted in Fig. 7(a). The corresponding double-sideband

system noise temperature appears in Fig. 7(b). The system

noise temperature was found to be better than 40 K over a wide

range of bias voltages. As these data include optical losses,

the intrinsic performance of the mixer/amplifier assembly is

expected to be better than that reported in Fig. 7(b).

IV. CONCLUSIONS

The results presented in this paper demonstrate the feasi-

bility of achieving excellent system performance using sub-

milliwatt SiGe LNAs directly integrated with SIS mixers.

Although, these initial results are narrow-band, future adoption

of this technology will require broadening the IF bandwidth.

A logical next step is to demonstrate the operation of the

SIS/LNA assembly over both wide RF input bandwidths as

well as over at least a 4–8 GHz IF bandwidth. If successful,

the combination of ultra-low-power consumption and tight

integration is expected to impact the scalability of SIS focal

plane array systems.
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Abstract— The propagation factor of the Niobium-based 

distributed Superconductor-Insulator-Superconductor (SIS) 

tunnel junction has been modelled for frequencies between 70-

200 GHz. In the modelling, the distributed SIS junction was 

simulated as a microstrip distributed component. Furthermore, 

in our studies, the reactive part of the SIS tunnel junction 

quantum admittance was included in the model circuit diagram. 

It was shown that the SIS quantum reactance has significant 

effects on both the loss factor, Re (γ), and phase factor, Im (γ), 
where γ is the complex propagation constant. 

I. INTRODUCTION 

The Superconducting-Insulator-Superconductor (SIS) 

mixers have been extensively studied both theoretically and 

experimentally since the 1970s [1],[2]. The outcome of the 

research allowed fundamental understanding in the SIS 

physics as well as receiver design topologies using SIS 

junction as the mixer element. Currently the receivers based 

on SIS mixers are the most sensitive heterodyne receivers 

available from approximately 100 GHz -1000 GHz 

[3],[4],[5],[6]. These receivers are mainly used for radio 

astronomy applications. However, much of the the previous 

studies of the SIS mixers considered lumped SIS elements.  

In 1996, V. Belitsky published an extensive theoretical 

paper treating the Nb-AlOx-Nb SIS junction as a distributed 

microstrip line tunnel junction [7]. However, the theory did 

not include the reactive component of the SIS quantum 

admittance, which originates from the real part of the response 

function, IKK,  as a result of the Kramers-Kronig transform of 

the DC tunnel current [1]. Moreover, it can be found from [1] 

that the reactive part of the quantum admittance is 

proportional to IKK. 

The reactive admittance was not included in [7] because it 

was assumed to be negligible compared to the geometrical 

capacitance of the SIS junction, which in normal operation of 

the SIS mixers is often the case. However, for some bias 

points, the reactive part of quantum admittance has significant 

effect. Since the quantum admittance is “connected” in 

parallel to the geometric capacitance of the SIS microstrip 

tunnel junction, this will have further effects on the behavior 

of distributed SIS junctions. Furthermore, the reactive part of 

the quantum admittance can take inductive as well capacitive 

values depending on the DC bias voltage [8]. For these 

reasons, the reactive part needs to be included in the SIS 

microstrip line tunnel junction model, especially when 

considered as a non-mixing element.  

The aim of this paper is to study how the inclusion of the 

reactive part of the SIS quantum admittance changes the 

behavior of the SIS distributed tunnel junction, specifically the 

propagation factor.  

II. THEORY 

In order to calculate the reactive part of the SIS quantum 

impedance, we need to calculate the Kramers-Kronig 

transform of the DC tunnel current, IKK. The reactive part of 

the SIS quantum admittance can then be calculated according 

by the following expression [1]: 

 

𝐵11 =  
𝑒

2ℏ𝜔
∑ [𝐽𝑛−1

2 (𝛼) − 2𝐽𝑛
2(𝛼)+𝐽𝑛+1

2 ]∞
𝑛=−∞    

  × 𝐼𝐾𝐾 (𝑉0 +
𝑛ℏ𝜔

𝑒
)   (1) 

 

where  𝐽𝑛(𝛼) is the Bessel function of the order n.  

 

The current response function r(V) is defined as following: 

 

𝑟(𝑉) = 𝐼𝐾𝐾(𝑉) + 𝑗𝐼𝑑𝑐(𝑉)    (2),  

 

where 𝐼𝑑𝑐(𝑉) DC tunnel current i.e., the un-pumped I-V 

characteristic and 𝐼𝐾𝐾(𝑉) is the Kramers-Kronig transform of 

𝐼𝑑𝑐(𝑉)  according to [1] 

 

𝐼𝐾𝐾 = ∫
𝑑𝑉

𝜋

𝐼𝑑𝑐(�̅�)−�̅� 𝑅𝑁⁄

𝑉−𝑉

∞

−∞
    (3) 

 

The real part of the current response functions (3) can be 

calculated using the measured I-V of the tunnel junction. Here, 

we used a model similar to [9].  

 

A. Reactive part of the SIS quantum admittance 

 

Equation (1) is used to calculate the reactive part of SIS 

quantum admittance, B11 at 100 GHz. The susceptance in 

Fig.2 is plotted as function of the DC bias for three different 

pumping levels, α (𝛼 = 𝑒𝑉𝐿𝑂 ℏ𝜔⁄ ). The pumped IVC are 

shown in Fig.3. It is evident from Fig.2 that the susceptance, 
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B11 can either be inductive or capacitive depending on bias 

voltage and pumping factor α.  

 

Fig.2: Reactive part of SIS quantum impedance, B11 for 100 GHz. The 

reactance is plotted as function of DC bias for three different pumping levels, 

α (𝛼 = 𝑒𝑉𝐿𝑂 ℏ𝜔⁄ ). 

 
Fig.3 The curves represent the pumped I-V characteristic, 𝐉𝐧

𝟐(𝛂)𝐈𝐝𝐜(𝐕 + 𝐕𝐧), 

for different pumping factor, α. 𝐕𝐧 = 𝒏
ℏ𝝎

𝒆
 is quantized photon voltage.  

 

B. Properties of SIS microstrip line propagation factor 

 

For the modelling, we follow the approach suggested in [7]. 

However, in this case, the reactive part of the quantum 

impedance, B11 was not neglected in the circuit diagram 

suggested in [7].  

From the circuit diagram, the propagation factor, γ, for a 

microstrip line with series impedance Z and admittance Y of 

unit length can be expressed as  

 

𝛾 = √(𝑗𝜔𝜇0𝑠 + (𝑍𝑠𝑠 + 𝑍𝑠𝑔)) ∙ (𝐺𝑅𝐹 + 𝑗𝜔𝐶𝑠 + 𝑗𝐵𝑅𝐹)  (4) 

 

 

where Zss and Zsg are the surface impedance of the 

superconducting counter and ground electrodes respectively, 

CS is the specific capacitance in pF/µm2 [10], GRF (Ω µm2)-1 is 

the conductance of the RF quantum admittance real part that 

originates from the photon-assisted current through the barrier 

per area unit, whereas BRF is the reactive part of the RF 

quantum admittance per area unit. The specific surface 

impedance ZS per square of a superconducting film with 

thickness d is expressed as follows [11]. 

The real and imaginary part of the propagation factor at 100 

GHz vs. bias voltage for different pumping levels are 

compared to the propagation factor when BRF=B11=0 (cf. Fig.6 

and Fig. 7). 

 

 

Fig. 6: The imaginary part of the propagation factor at 100 GHz vs. bias 

voltage for different pumping levels at B11=0 and B11≠0. 

 

Fig.7: The real part of the propagation factor at 100 GHz vs. bias voltage at 

different pumping levels for B11=0 and B11≠0. 

Comparing the curves in Fig. 7 reveals that the loss factor can 

increase up to approximately 55% depending on the bias 

voltage. This would yield the electrical length of the 

distributed SIS microstrip line junction resonator would be 

substantially longer than that with the assumption of B11=0, 

which would make the center frequency significantly lower 

than designed value.  

Fig.8 shows when the propagation factor vs frequency for a 

fixed bias voltage (Vb=2.35 V), and α = 2. It can be seen that 

the losses increase up to approximately 40 % at this particular 

bias voltage as compared to when the imaginary part of the 

SIS quantum admittance is neglected. On the other hand, the 

imaginary part becomes almost constant from 70-140 GHz, 

which is about one octave fractional bandwidth. This could be 

used for example to tune the center frequency of a distributed 

SIS junction resonance frequency by properly setting the bias 

voltage.  
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Fig. 8. The imaginary part of the propagation factor at Vb=2.35 mV and α = 2 

for two cases, one with B11=0 and B11≠0. The dashed lines are the real parts 

whereas the solid lines are the imaginary parts. 

III. CONCLUSIONS 

The Niobium based distributed SIS microstrip tunnel junction 

model presented in [7] was modified by including the reactive 

part of the SIS microstrip line tunnel junction quantum 

admittance. 

The new model was used to investigate the propagation factor 

of at frequencies 70-200 GHz. It was shown that imaginary 

part of SIS quantum admittance had significant effects on both 

the loss factor, Re (γ), and phase factor, Im (γ). The SIS 

quantum susceptance changes the effective wavelength 

depending on the DC voltage bias. 
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Abstract—This work analyzes the reflectivity and transmit-
tance of a vacuum window prototype for the ALMA Band 5 by
using numerical and experimental tests. Simulations are carried
out with the finite element method and an efficient semi-analytical
technique. Geometrical inaccuracies of the anti-reflection coatings
caused by the manufacturing process are investigated and their
effect on transmission and reflection is studied. It is shown that
these inaccuracies significantly deteriorate the electromagnetic
properties of the window. In order to improve the characteris-
tics, several investigations regarding geometrical deviations are
performed and based on these analyses, an optimization of the
window is carried out with simulations.

I. INTRODUCTION

In radio astronomy interferometers, such as the Atacama
Large Millimeter/sub-millimeter Array (ALMA), vacuum win-
dows are used to establish a low-loss penetration of electro-
magnetic fields into cryostats which house the receiving units.
Due to the reflection at the boundary between window and
its surrounding, anti-reflection coatings (ARCs) are commonly
applied on the dielectric to provide a low reflection and high
transmission by matching the wave impedance of the window
to that of free space. A broadband matching can be achieved
when using gradient index (GRIN) coatings [1]. Thereby,
the refraction index is gradually varied from the surrounding
medium to the window medium using triangular grooves [2],
for example. The numerical analysis of these structures can be
accomplished by full-wave approaches like the finite element
method (FEM) [3]. Although the periodicity of ARCs can be
exploited by full-wave techniques, the computational effort is
quiet high. A more efficient way is to use the rigorous coupled-
wave technique [4]. For structures including a periodicity less
than the wavelength, the effective medium theory (EMT) [5]
can be applied, reducing the computation effort even more.

In this work, a prototype of vacuum windows for the
ALMA Band 5 (163 –211 GHz) is analyzed using measure-
ments, FEM, and an efficient semi-analytical approach based
on EMT. The considered window consists of a solid disc
made of high-density polyethylene (HDPE) and triangular
wedge ARCs, with orthogonal orientation on both sides as
illustrated in Fig. 1 (a)-(b). The window is manufactured by
injection molding. Due to the non-optimized molding process
and missing requirements for the tip geometry, the tips are not
ideal triangular but possess a certain rounding as illustrated in
Fig. 1 (c). The purpose of this contribution is to investigate
the impact of such geometrical inaccuracies on the reflectivity
and transmittance of injection molded windows. From these

(a)

1.586mm

0.85mm

1.586mm

5.500mm

x
y

z

(b)

h=1.586mm

p=0.85mm
30°

(c)

Fig. 1. Illustration of ALMA Band 5 vacuum window: (a) Photograph of
the window. (b) Detailed view of the antireflection coatings which consist
of ideal triangular grooves (design geometry) and illustration of the E-field
polarization angle φ. (c) Microscopic picture of the real antireflection coating
exhibiting rounded tips.

investigations, an optimized design for ALMA Band 5 vacuum
windows is derived.

The remainder of this paper is organized as follows: sec-
tion 2 briefly introduces the methods applied for investigations,
section 3 shows numerical and experimental results concerning
the reflectivity and transmittance of the prototype window.
Section 4 analyzes several ARC geometries and proposes an
optimized vacuum window. Finally, the main outcome of this
work is concluded and a brief outlook on future activities is
given.
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II. METHODS FOR INVESTIGATION

The techniques used for analyzing the vacuum window
numerically and experimentally are sketched in the following.

A. Finite Element Method

A FEM-Solver [6] has been applied for numerical full-
wave analysis. Here, the window was modelled by an infinite,
periodic structure and it has been excited by Floquet modes.

B. Semi-Analytical Approach

As an alternative to full-wave solvers, we implemented an
approach based on EMT. Following the derivations of [5],
a one-dimensional periodic medium, consisting of dielectric
slabs with εa and width a as well as dielectric slabs with εb
and width b, can be approximated by an effective, isotropic
medium. The associated zeroth-order approximations read

ε(0)p =
aεa + bεb
a+ b

and ε(0)o =
(a+ b)εaεb
aεb + bεa

, (1)

where ε(0)p is valid if the E-field is parallel to the slabs and ε(0)o

is valid if the E-field is orthogonal to the slabs. Second-order
approximations, as derived by [5], can improve the accuracy.
These approximations are valid as long as the wavelength
exceeds the periodicity. To make use of the effective medium
when treating GRINs, the anti-reflection profile is approxi-
mated by a staircase geometry, consisting of N segments, as
illustrated in Fig. 2. From the segment dimensions, an effective

Fig. 2. Segmentation of a triangular ARC with pitch p at the interface between
medium εa and medium εb. Each layer has a height d and the segment i has
a width of bi. Normal wave incidence k is considered.

material can be determined for each layer. With that, the
initial problem is transferred into a multilayer problem with N
homogeneous and isotropic layers. The effective permittivity
of layer i is computed according to (1) with ai = p− bi. For
solving this problem and normal wave incidence, we use a
transfer matrix method which relates the fields on both sides
of the ARC by[

Ea

Ha

]
=

N∏
i=1

[
cosh(jkid) Zi sinh(jkid)
1
Zi

sinh(jkid) cosh(jkid)

]
·
[
Eb

Hb

]
, (2)

with Zi being the characteristic impedance and ki the complex
wavenumber of the i-th layer. Here, the transmission matrices
of each layer are multiplied to a single matrix. The reflection
and transmission coefficients can be calculated from this
expression.

C. Measurements

Measurements have been carried out in the frequency range
between 140 GHz and 220 GHz using an ABmm vector net-
work analyzer. For co-polar reflection measurements, the setup
depicted in Fig. 3 was used. It consists of a transmitting
corrugated feed horn, a first reflector, a 0◦ wire grid polarizer,
a 45◦ wire grid polarizer, a second reflector, and a receiving
corrugated horn. The same setup has been used for the
cross-polar case with the exception that the 45◦ wire grid
polarizer has been removed. The reflection measurements were
calibrated with a short (flat aluminum reflector at the location
of the device under test). Accurate transmission measurements
could not be performed due to standing wave problems in the
optical measurement setup. The beam waste is in the order of
10 mm which is a good representation of the beam size in the
ALMA Band 5 optics.

Absorber

Receiving Horn

Feed Horn

DUT

0° Wire Grid

Beam

45° Wire Grid

Mirror

Fig. 3. Measurement setup used for the co-polar reflection measurements of
the prototypes for ALMA Band 5 vacuum windows.

III. ANALYSIS OF THE PROTOTYPE VACUUM WINDOW

Before analyzing the prototype windows, we derived the
permittivity by considering a solid HDPE disc without ARCs.
From transmission measurements, we obtained a permittivity
of ε = 2.323 and a loss tangent of tan δ = 2.3 · 10−4 which
agree well with data shown in [7]. In the numerical models, a
homogeneous and isotropic material has been assumed. Each
ARC was discretized by 101 elements in the semi-analytical
approach and a second-order effective medium was used. The
geometry has been meshed with curvelinear, second-order
basis functions for FEM and a convergence criterion of 10−4

was applied. All investigations aimed at the frequency range
140 – 220 GHz and normal wave incidence. Multiple samples
of the window have been tested and the measured results where
reproducible.

The roundings of the tips are modelled by a fourth-order
polynomial which has been approximately determined using
the microscopic picture shown in Fig. 1. For simplicity, the
degree of rounding shall be indicated by the parameter c
as depicted in Fig. 1. In the present case, c ≈ 0.25 which
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Fig. 4. Co-polar reflection for the vacuum window at normal incidence
and a polarization of φ = 0◦. Results obtained by FEM (numerical), a
semi-analytical approach (analytical) and measurements. Two different groove
shapes are considered: rounded tips (real geometry) and ideal tips (design
geometry), as illustrated in Fig. 1.

means that the actual ARC height is only three-quarter of the
prescribed height.

The first analysis puts its focus on an E-field polarization
of φ = 0◦ where the field is parallel to the grooves on
the illuminated side. Figure 4 shows the co-polar reflection
obtained by simulations and measurements, respectively. The
agreement between simulation results and measurements is
very good. Also the semi-analytical approach agrees well with
FEM. Moreover, Fig. 4 illustrates numerical results associated
with ideal triangular grooves for comparison. One observes
that the present rounding of tips degrades the reflection by,
at least, 5 dB. Due to the imperfect tips, the ALMA Band 5
requirements for co-polar reflection, which prescribe -20 dB
in the center 90% of the band, are not fulfilled by this
prototype. Similar observations are made for the co-polar
transmission shown in Fig. 5. Also here, the semi-analytical
results agree very well with results obtained by FEM. In
accordance with the co-polar reflection, the transmission is
best for ideal triangular grooves. For this setup neither cross-
polar reflection nor cross-polar transmission is predicted by the
simulations. Contrarily, cross-polarization has been observed
in the measurements. Moreover, birefringence of the HDPE is
observed for the sample without ARCs which is also manu-
factured by injection molding. Here, the dominant orientation
of birefringence coincides with the HDPE flow direction at
the injection point.

The second analysis concerns a φ = 45◦ polarization
of the E-Field with regard to the groove orientation. Fig-
ure 6 indicates that a good agreement between numerical
and experimental results exists for co-polar reflection. In case
of cross-polar reflection, a good agreement between FEM
and measurements is observed, whereas the semi-analytical
approach shows some deviations. In particular, a small error
in the phase difference between the two orthogonal reflected
modes, used for the 45◦ polarization, causes a deviation in
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Fig. 5. Co-polar transmission for the vacuum window at normal incidence and
a polarization of φ = 0◦. Results obtained by FEM (numerical) and a semi-
analytical approach (analytical). Two different groove shapes are considered:
rounded tips (real geometry) and ideal tips (design geometry), see Fig. 1.
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Fig. 6. Co- and cross polar reflection of the vacuum window with rounded
tips at normal incidence and a polarization of φ = 45◦. Results obtained by
FEM (numerical), a semi-analytical approach (analytical) and measurements.

the resonance frequencies. Nevertheless, the amplitude is well
captured. Also in this case, no cross-polar transmission is
predicted.

Computing 161 discrete frequency points took 3.3 h and
1 GB RAM for the FEM-Solver on 4 CPUs. The semi-
analytical approach required 0.15 s on a single CPU and
negligible amount of RAM.

IV. OPTIMIZATION OF THE VACUUM WINDOW

In order to improve the reflection properties of the con-
sidered vacuum window, some fundamental investigations
have been carried out regarding the impact of geometrical
variations on the reflectivity. For the following analysis, the
same material as described above is used. In order to keep
the ARC simple, triangular grooves are considered although
other shapes such as quintic grooves [1] could be taken into
account.
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Fig. 7. Co-polar reflection of the vacuum windows with different grooves
for normal incidence. Left: reflection depending on the rounding of the tips.
Right: reflection depending on the rounding of the notch.
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Fig. 8. Co-polar reflection of a single antireflection layer depending on the
pitch p at normal incidence. Left: ideal triangular tip. Right: rounded tip with
c = 0.25.

The first investigation concerns the influence of non-ideal
tips and notches on the reflection of the vacuum window.
Figure 7 shows the co-polar reflection coefficient for different
roundings of the tip and notch, respectively. As depicted, the
degree of rounding is described by the parameter c. Both cases
indicate that deviations from an ideal triangular shape grow
with an increasing rounding. In this example, roundings of
the tip deteriorate the reflection more than roundings of the
notch.

The second investigation regards the influence of the pitch
on the minimum of the envelope of reflection. Only a single
coated air-dielectric interface shall be considered in order to
avoid resonances caused by the whole structure. The reflection
associated with triangular grooves and rounded triangular
grooves, respectively, is depicted in Figure 8. In both cases,
the minimum is shifted towards higher frequencies with de-
creasing pitch and a fixed groove angle of 30◦. This behavior
is due to the decreasing profile depth which causes a reduction
of the optical path length. Compared to rounded tips, the ideal
grooves show a much more pronounced minimum.

By taking these investigations as a starting point, the initial
prototype window has been optimized. The first step in this
progress was to improve the manufacturing process such that
tip rounding can be reduced to a value of c = 0.1, see Fig. 1

140 150 160 170 180 190 200 210 220
−60

−50

−40

−30

−20

−10

0

10

Frequency [GHz]

Prototype Window

Optimized Window

ALMA Band 5

90%

-20dB Spec.

C
o
-P
o
la
r 
R
e
fl
e
c
ti
o
n
 [
d
B
]

Fig. 9. Reflectivity of the prototype window and the optimized window for
normal incidence. The grey coloured range refers to the center 90% of the
ALMA Band 5 in which the reflection is required to be below -20 dB.

for the definition. With that, the overall co-polar reflection is
reduced to less than -20 dB. In the second step, the minimum
of the reflection envelope is shifted towards the ALMA Band 5
center (187 GHz) by changing the pitch from 0.85 mm to
0.7 mm. Figure 9 illustrates the co-polar reflection for the
prototype window and the optimized window. The optimized
window meets the required -20 dB in the center 90% of the
band. Although not shown here, also the requirements for the
transmission are fully met.

V. CONCLUSION

This paper investigates reflectivity and transmittance of
prototypes for ALMA Band 5 vacuum windows by using
numerical and experimental tests. Rounded tips of the con-
sidered ARC, which could be caused by the manufacturing
process, deteriorate the electromagnetic properties of the win-
dow prototype. Several studies regarding different roundings
are shown and a redesigned window with optimized reflectivity
and transmittance is proposed.

The optimized window will be manufactured soon and
measurements are planned to verify the numerically predicted
reflection and transmission properties.
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Abstract — In this presentation, we discuss optimal parameters of 
superconducting materials for HEB mixer operation at elevated 
temperatures (> 10 K) (electron density, electron mean free path, 
and sound velocity) and characteristics of the film/substrate 
interface allowing for minimization of the energy loss to phonons. 
Our analysis of available experimental data shows a significant 
promise of ultrathin MgB2 films and low-density MBE-grown 
quasi-2DEG LaCuO/LaSrCuO superconductors. We will also 
discuss the role of the inelastic electron-boundary scattering that 
bypasses the phonon subsystem for energy transfer from 
electrons to the substrate. 

I. INTRODUCTION 
Superconducting hot-electron bolometers (HEB) are 

currently the most sensitive radiation mixers above 1 THz. 
The current HEB technology is based mainly on NbN 
superconducting ultra-thin films with operating temperature of 
~ 10 K. The use of superconductors with higher critical 
temperature is attractive, as this would allow for operation of a 
heterodyne receiver with affordable mechanical cryocooling 
on suborbital platforms and in space. However, beside the 
availability of thin-film materials with high critical 
temperature, the substantial loss of conversion efficiency due 
to the strong interaction of excited electrons with phonons 
(heating of phonons) is an issue. The loss manifests itself via a 
distortion of the intermediate frequency (IF) spectrum where 
the conversion efficiency is small at the IF of several GHz. 
This loss mechanism is fundamental at elevated temperatures 
(10-100 K) and careful consideration of material parameters is 
required for achieving a useful HEB mixer in this temperature 
range. To avoid the phonon heating, two important conditions 
for phonons and electron relaxation times must be satisfied: (i) 
the electron-electron relaxation time, τe-e, should be shorter 
than the electron cooling time, τε, and (ii) the time of the 
phonon escape from the sensor to substrate, τes, should be 
shorter than the phonon-electron relaxation time, τph-e.  

An YBCO HEB mixer with a critical temperature TC ≈ 90 
K was pursued in late 90s but without much of success. A new 
interest have arisen recently to high-TC HEB mixers in view of 
the availability of new thin-film materials (MgB2 with TC ≈ 40 
K [1, 2] and LaCuO/LaSrCuO with TC ≈ 50 K [3]). The hope 
is that the physical properties of these new materials can be 

tuned better, thus largely eliminating the role of the phonon 
“heat trap.” The latter was the major hurdle in achieving an 
efficient YBCO HEB mixer. 

II. ELECTRON AND PHONON HEAT FLOWS IN THIN FILMS 
 A simple picture of the hot-electron effect assumes that 

electrons are heated by the THz radiation whereas phonons 
remain at the bath temperature. This is true only at low 
temperatures in thin films (e.g., for Nb, T < 4 K, film 
thickness, d < 10 nm [4]). Beside the small value of τe-e 
required for thermalization of the electron gas, a condition τes 
<< τph-e must be fulfilled. Only in this case phonons will leave 
the film fast, without trapping the energy and reheating the 
electrons. τes ~ d/vs (vs is the sound velocity) and τph-e = τεCp/Ce 
(Cp and Ce are the phonon and electron heat capacities, 
correspondingly). Since Ce ~ T and Cp ~ T3, Ce >> Cp at low 
temperature and thus the condition τes << τph-e can be met. At 
higher temperature (typically, above 10 K), this is not true 
anymore and the phonon heating become unavoidable. An 
analysis based on the two-temperature (2T) model [5] shows 
several different scenarios depending on the hierarchy of τes, 
τph-e, and τε. The most radical case is that found in YBCO 
where τes >> τph-e >> τε [6]. Here the efficient mixing process 

Fig. 1. An IF bandwidth in a MgB2 mixer device on SiC substrate at 10 K. 

P-34



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 
 
could be expected only at the intermediate frequencies (IF) 
lower than τes

-1 ~ 100 MHz. Even in thin (~4 nm) NbN films 
phonons trap some heat. As a result, the effective IF 
bandwidth depends on both temperature and film thickness 
thus bearing dependencies of τes, τph-e, and τε mixed-in together 
according to equations of the 2T model [7]. In general, 
minimization of τes helps to mitigate the phonon heating issue. 
This has been demonstrated in two novel high-TC materials: 
MgB2 where vs is very high (~ 8 km/s), and LaCuO/LaSrCuO 
which is only a few monoatomic layers thick. 

III. MGB2 
The MgB2 HEB mixer was proposed in [8]. The prediction 

of the 2T model was that a ~ 10 GHz IF bandwidth could be 
achieved in films with d < 10 nm. More recent measurements 
in high quality films with TC ≈ 40 K [9] showed that the IF 
bandwidth does depend on d as predicted by the model (see 
Fig. 1) but the absolute value is at least twice as high as in 
NbN. Even higher IF bandwidth has been measured at 20-25 
K (Fig. 2). Given the progress in developing ultrathin films 
with d < 10 nm [10], achieving the 10 GHz IF bandwidth 
along with a good conversion efficiency is foreseen in the near 
future. 

IV. LACUO/LASRCUO 
Quasi-2D heterostructures that contain ultrathin 

La2-xSrxCuO4  (LSCO) layers are grown by atomic-layer-by-
layer MBE (ALL-MBE) [11]. The transition temperature can 
be tuned from sub Kelvin temperatures to 50 K (see Fig. 3) 
using appropriate doping profiles. The interfaces between 
LSCO layers with different dopings are highly transparent for 
phonons, since the layers differ only slightly in their atomic 
composition providing an ultrafast phonon escape. Study of 
the thermal conductance in LSCO layers [3, 12] revealed that 
τes is the shortest time even at 50 K and that the relaxation rate 
is driven by the electron-phonon process, as in low-
temperature materials. 

V. CONCLUSIONS 
Analysis of two promising high-TC materials suggests that 

there are ways to reduce or even eliminate the effect of the 
phonon “heat trap” at temperature 10-50 K. This can open up 

a possibility to achieve efficient HEB sensors not requiring 
liquid He for operation. 
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Fig. 2. IF spectra in a 15-nm thick MgB2 mixer device on SiC substrate. 

Fig. 3. Superconducting transition in bilayer system La2CuO4 
/La1.55Sr0.45CuO4.    
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Abstract—Amorphous NbTiN is widely applied in 
superconducting electronic device due to the merits of wide 
energy gap, high Tc and mitigated requirement in fabrication. Its 
highly disordered feature also makes it a candidate material for 
parametric amplification. It is found that the resistivity and film 
stress of NbTiN film strongly depend on fabrication conditions. 
To build up the correspondence between the fabrication 
conditions and the desirable electrical performance, we designed, 
fabricated and measured NbTiN microstrip resonators. The 
principal result is that the unloaded Q factor of the resonators 
does not depend on the film normal state resistivity. This result is 
consistent with the dirty superconductor theories given by 
Pippard, Ginsberg-Landau, and Mattis-Bardeen. Our study also 
provides an accurate method to determine the gap energy of 
NbTiN. 

I. INTRODUCTION 
Niobium Titanium Nitride (NbTiN) is a wide-gap 

superconductor that shows good electronic performance in 
amorphous texture. Without the requirement of epitaxy, 
micro-fabrication labs can conveniently fabricate NbTiN thin 
film devices on various substrates and at room temperature. 
Because of its high Tc and wide energy gap, it is especially 
useful in THz frequencies.  The amorphous texture causes 
very short mean free path of the free electrons, and thus results 
in relatively large resistivity. At superconducting state the 
dense scattering centers largely reduce the effective coherent 
length and retard the movement of cooper pair under 
oscillating electrical field. This effect increases the dynamic 
inductance of NbTiN. For this reason, NbTiN is a good 
candidate material for travelling wave superconducting 
parametric amplifiers.  

The superconducting travelling wave parametric amplifiers 
bring an opportunity of realizing cryogenic microwave 
amplifiers, which are essential for future large format mm/sub-
mm superconducting heterodyne array receivers as well as low 
noise readout of kinetic inductance detectors (KIDs). They are 
believed to have lower noise than HEMT amplifiers with 
reasonable bandwidth (>1GHz). A travelling wave parametric 
amplifier in form of a CPW has been demonstrated at 0.3K1. 
We are developing parametric amplifiers based on microstrip 
lines2. Compared with CPW devices the microstrip amplifiers 
can be more compact, broader in bandwidth. The microstrip 
line has to be low in RF loss to avoid pump tune attenuation, 
and be large in kinetic inductance to minimize the device size. 
The figure of merit of the microstrip lines for a parametric 

amplifier is Q factor, , where  is the phase 
constant and  is the attenuation constant. This transmission 
line Q factor equals to the Q factor of a resonator consisting of 
the microstrip line. 

There are three groups of evaluation parameters from film 
deposition to device performance. In electric evaluation, Q is 
measured.  In thin film analysis, the parameters are Tc, 
resistivity, stress and thickness, which are determined by the 
third group, fabrication conditions, such as Ar pressure, 
Nitrogen flow rate and  sputtering power. The relationship 
between these three groups of parameters is not apparent.  
From our experimental results, we found that Ar pressure 
strongly influences the film resistivity and stress but not Tc. It 
is not difficult to change the film resistivity within a range of a 
factor of two or three by adjusting Ar pressure. By measuring 
the Q factor of these samples, we found that the Q factor is 
independent of the film normal state resistivity. This 
intuitively unexpected result is actually a result of reduction of 
superconducting order parameters by introducing defects in 
the film, which were discovered by Pippard3 and accurately 
formulated by Mattis and Bardeen4. 

   

II. DEVICE DESIGN AND FILM DEPOSITION 

A. Device Design 
The test sample contains six open-ended microstrip 

resonators with one end capacitively coupled to readout CWP 
centre strip. Fig. 1 shows the configuration and a circuit 
diagram. The microstrip line consists of NbTiN/SiO2/NbTiN 
tri-layer with nominal thickness of 50 nm for all three layers. 
The strip width is 2µm corresponding to about 50 Ohm 
characteristic impedance. To achieve the sample characteristic 
impedance, the width of center strip and gap of CWP readout 
line are designed to be 50µm and 2µm respectively. We 
employed an inversed microstrip layout, in which the 
conducting strip is deposited prior to the ground plane, in 
order to allow a good film quality of the narrow strip and 
avoid step coverage problem in the ordinary configuration. 
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Fig. 1 The layout configuration (not in scale) and the circuit 

diagram of the test sample.  
  
The resonators on the sample are shifted in resonance 

frequency. The coupling capacitances of each resonator are set 
to be different in order to improve accuracy in Q measurement 
at different temperatures, with which the unloaded Q (referred 
to as Q0) varies considerably. 

B. Film Deposition 
NbTiN films are deposited with a DC magnetron. The 

target is NbTi with a weight ratio of Nb:Ti=4:1. The reactive 
gas N2 is introduced together with Ar. We have previously 
found that once the N2/Ar flow ratio surpasses 15%, the Tc 
will not change by further increasing N2 ratio. In the following 
study, we fixed the N2/Ar flow ratio to 20% and adjusted the 
throttle valve to control the overall pressure. The dependences 
of film resistivity and stress on the sputtering pressure are 
plotted in Fig. 2 and 3.  

 
Fig. 2  The dependence of film resistivity on sputtering 

pressure. 

 
Fig. 3 The dependence of film stress on sputtering pressure. 
We observed that the resistivity increases with increasing 

pressure, with a tendency of saturation at low pressure end, 
and that the film stress shows a roughly linear dependence on 
the pressure. The two phenomena are believed to be caused by 
neutral Ar atom peening on the film[5]. A small part of Ar 
atoms are ionized in plasma. Once an Ar+ ion diffuses into the 
cathode sheath, it is accelerated by the electron field and 
bombards the target to release Nb and Ti. However some of 
Ar+ ions encounter elastic collisions, neutralized by 
recombining an electron at the target surface and reflected. 
The reflected neutral Ar atom will not de-accelerated by the 
sheath filed and head for the substrate.  The bombardment of 
these high energy Ar atoms on the film causses compressive 
stress and condenses film texture, and thus lead to reduction in 
resistivity. If the pressure is so high that the mean free path of 
these atoms is shorter than the target-substrate distance, their 
energy will be attenuated by collisions. In other word they are 
thermalized.  For a typical target-substrate distance of 10 cm, 
as the case of our sputtering system, the characteristic pressure 
for thermalization is about 0.1Pa. Since the sputtering pressure 
that we adopt is close to this value, the strong correlation 
between the sputtering pressure and the film quality arises, 
especially in terms of resistivity and stress.  

 

III. RESONATOR MEASUREMENT 
The microstrip resonators are measured with a network 

analyser in a mechanical cryogenic dewar in an ambient 
temperature ranging from 3.6K to 8K. Several samples are 
measured in a lower temperature. The S21 curves are recorded 
as a function of the ambient temperature, which is adjusted by 
a heater fixed on the cold plate. A typical group of resonance 
curves is shown in Fig. 4.  
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Fig. 4 Resonance curves of a test sample at various 

temperatures. 
 
The overall Qt factor and the coupling factor, Qc, can be 

obtained by a curve fitting process.  The fitted Qc factor is 
reasonably consistent with the value calculated from the 
coupling capacitance. From Qt and Qc, the unloaded Q0 is 
derived. The final Q0 is an average of all six resonators. 

 

 
Fig. 5 The dependence of Q0 on ambient temperature of 

samples. These samples have different resistivity but show 
similar Q0. 

 
Fig. 6 The Q0 measured at 4K and the resistivity of NbTiN 

as a function of sputtering pressure. 
 

The dependence of Q0 on temperature of all the measured 
samples is plotted in Fig. 5. The NbTiN films of those samples 
are deposited at different sputtering pressure and thus are 
different in resistivity. However, little difference in Q0 can be 
observed. Fig. 6 illustrates this phenomenon more clearly. By 
adjusting the Ar pressure from 0.1 Pa to 0.6 Pa, the resistivity 
can be doubled. But although some random scattering exists, 
there is no clear difference between these samples in Q factor. 
This suggests that although the attenuation factor α increases 
with increasing resistivity, the propagation constant β 
increases accordingly to make  unchanged. This 
behaviour can be explained by Pippard and Mattis-Bardeen 
theory, which involves the effect of mean free path of the free 
electrons.  

 

IV. DISCUSSION 
The role of mean free path in a superconductor was 

revealed by Pippard when he was aware of that the rigid 
superconducting electron density in London theory is not 
correct[3]. He empirically introduced an effective coherent 
length, , which is the harmonic average of the mean free path,

, and the intrinsic coherent length, . His treatment 
equivalently means that the superconducting electron density 
is reduced by   . Since the superconducting electron 
density is reduced, the superconducting electrons have to 
move faster to keep the same current, and thus have more 
kinetic energy. This induces larger kinetic inductance of the 
transmission line composed with NbTiN with shorter mean 
free path, or in other words, normal state resistivity. Mattis 
and Bardeen treated this issue through a microscopic 
approach[4], and therefore it inherently includes the effect of 
mean free path, temperature and frequency.  The effect of 
mean free path can be seen from the imaginary part of the 
conductivity given by Mattis and Bardeen, which is 
proportional to the normal state conductivity.  The Q factor 
can be calculated by , where  is the kinetic 
inductance ratio of transmission line. It is close to 1 in 
microstrip line case. If   and , to which our 
measurement condition meets, the Q factor can be simplified 
as 

              (1) 
where . Because the normal state conductivity  
appears both in the real and imaginary part of the Mattis-
Bardeen complex conductivity expressions, the Q value 
becomes independent of . This is the conclusion observed 
from Fig. 5 and Fig. 6. 

The Mattis-Bardeen expressions are not only useful in 
qualitatively understanding the experimental results but also 
quantitative instructive. (1) can be written as 

  (2) 
The energy gap is the slope of straight line given by 

and . Fig. 5 is re-
plotted as Fig. 7 by this method and the energy gap is 
extracted to be 1.95±0.07 meV.  
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Fig. 7.  Extraction of energy gap according to Mattis-Bardeen 
theory 
 
In Fig. 7 we also show results of CPW NbTiN resonators, 
which shows an order of one magnitude higher Q factor at 4K. 
The reasons are two folds. One is that the energy gap of 
NbTiN in CPW, 2.13 meV, is slightly higher, and the other is 
that the kinetic inductance ratio for the CPW is half of that for 
the microstrip lines. An smaller ratio leads to larger Q. 

I. CONCLUSIONS 
Our experimental results show that sputtering pressure 

considerably influences the mean free path of the NbTiN film, 
while not changing the Tc and the energy gap, and that the Q 
factor of NbTiN microstrip resonators is independent of the 

normal state resistivity of the film. This independence can be 
explained by Mattis-Bardeen theory. Base on that, the energy 
gap can also be determined. These results help in building up 
relations between fabrication and devices electronic 
performance. The NbTiN microstrip line will be optimized for 
development of travelling wave parametric amplifiers. 
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Abstract—  We  report  the  results  of  our  study  on  the
performance  of  a  hot electron  bolometric  (HEB)  direct
detector,  operated by a  microwave pump.  The HEB devices
used in this work were made from NbN thin film deposited on
high resistivity silicon with an in-situ fabrication process. 

The  experimental  setup  employed  is  similar  to  the  one
described in [1]. The detector chips were glued to a silicon lens
clamped to a copper holder mounted on the cold plate of a
liquid helium cryostat. Thermal link between the lens and the
holder was maintained by a thin indium shim. The HEBs were
operated at a bath temperature of about 4.4 K. Conventional
phonon  pump,  commonly  realized  by  raising  the  bath
temperature of the detector, was substituted by a microwave
one.  In this  case,  a  CW microwave signal  is  injected to the
device through a directional coupler connected directly to the
detector holder.  The power incident on the HEB device was
typically 1-2 µW, and the pump frequency was in the range of
0.5-1.5 GHz. The signal sources were 2 black bodies held at
temperatures of 295 K and 77 K. A chopper wheel placed in
front of the cryostat window switched the input to the detector
between  the  2  sources.  A modulation  frequency  of  several
kilohertz  was  chosen  in  order  to  reduce  the  effects  of  the
HEB’s flicker noise. A cold mesh filter was used to define the
input  bandwidth  of  the  detector. The  reflected  microwave
signal from the HEB device was fed into a low noise amplifier,
the  output  of  which  is  connected  to  a  room  temperature
Schottky microwave power detector. This Schottky detector, in
conjunction with  a  lock-in amplifier,  demodulated the  input
signal modulation from the copper wheel.  As the input load
was  switched,  the  impedance  of  the  HEB  device  at  the
microwave pump frequency also changed in response to the
incident  signal  power  variation.  Therefore  the  reflected
microwave power follows the incident signal modulation. The
derived  responsivity  from  this  detection  system  nicely
correlates with the HEB impedance.

In order to provide a quantitative description of the impedance
variation of the HEB device and the impact of a microwave
pump, we have numerically solved the heat balance equations
written for the NbN bridge and its surrounding thermal heat
sink  [2].  Our  model  also  accounts  for  the  impact  of  the
operating frequency of  the  detector because  of  non-uniform
absorption of  low-frequency photons across  the  NbN bridge
[3].  In  our  measurements  we  varied  the  signal  source

wavelength  from  2 mm  down  to  near infrared  range,  and
hence we indirectly performed the impedance measurements
at  frequencies  below,  around  and  far  beyond  the
superconducting  gap.  Preliminary  results  show  good
agreement between the experiment and theoretical prediction.
Further measurements are still in progress.
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Abstract—We describe the design and fabrication of a 220 GHz
superconductor-insulator-superconductor (SIS) mixer with ultra-
wide IF bandwidth. The mixer is fabricated on a 100 µm thick
quartz substrate, with planar circuit on-chip integration. The
RF power is coupled to the tunnel junction via a unilateral
finline taper and a slotline-to-microstrip transition. We used a
double-stub tuning network to tune out the junction’s parasitic
capacitance at a broad RF bandwidth, and matched the output
impedance of the mixer to the input impedance of the IF amplifier
(50 Ω) from 4–18 GHz using a 6-stage IF impedance-transformer.
We have fabricated these devices and have measured good DC
current-voltage (IV) characteristic curves. The heterodyne mixing
performance of these devices is currently being measured, and we
expect to present the results in the forthcoming ISSTT conference
in March.

I. INTRODUCTION

A broad instantaneous frequency (IF) bandwidth heterodyne
receivers at millimetre (mm) and sub-millimetre (sub-mm)
frequencies is important for several reasons. For example, it
enables the telescope to capture multiple astronomical spectral
emission lines in a single observation run, improving both the
calibration process and the speed of observation. Also, the
receiver sensitivity is proportional to the IF bandwidth hence
increasing the IF bandwidth of the mixer is a very effective
way of reducing the integration time, in particular for mixers
operating well below the superconducting gap. Current state-
of-the-art mm and sub-mm telescopes normally require at least
8 GHz of IF bandwidth, and in recent years, there has been
extensive efforts to further increase the IF bandwidth to values
higher than 15 GHz (see e.g., [1], [2]).

One factor that limits the IF bandwidth of a superconductor-
insulator-superconductor (SIS) mixer receivers is the tunnel
junction capacitance itself. This contribution can however be
minimised by reducing the size of the tunnel junction (say
to ≈1µ), or by employing distributed tunnel junctions [3].
Another significant factor that limits the IF performance of
an SIS mixer is the geometric impedance induced by the on-
chip planar circuit components. Large geometric impedance
presented at the IF port can create an equivalent RLC circuit
of the mixer that resonates at low ν0 within the IF band,
causing both the real and imaginary parts of the impedance
to plunged to near zero values at a significant portion of the
bandwidth determined by the width of the resonance [4]. Since
the device output is almost shorted, it is impossible to match

the impedance of the mixer to the amplifier in this range,
therefore reducing the useful IF bandwidth of the mixer. This
effect that we will investigate in this paper is more dominant
at low frequencies since the surface area of the planar circuitry
is larger than high frequency mixers.

Here, we present the design of a 220 GHz SIS mixer
where we matched the mixer output impedance using a
multi-stage microstrip IF transformer fabricated with standard
printed circuit board (PCB) technology. This matching net-
work transforms the dynamic impedance of the SIS mixer with
a junction capacitance of 80 fF/µm2 to a 50 Ω output at broad
IF bandwidth. Our mixer chip design employs components
with relatively large capacitance such as radial stubs and
tuning circuits, hence the generation of an RLC resonance
is possible. We will however show that by careful control
the dimension of the RF planar circuit components fabricated
on-chip, it is possible to shift the RLC resonance outside
desirable IF band and achieve good mixing performance up to
almost 20 GHz.

II. MIXER DESIGN

Our mixer design employs fully integrated planar circuit
technology with all the RF circuit components deposited on
one side of a 100 µm thick quartz substrate, without the use
of any lumped element components. The ground layer of the
planar circuits is formed using a ∼ 250 nm niobium (Nb)
layer while the wiring layer is of 400 nm Nb. To abstain the
desired characteristic impedance for the microstrip circuit, a
silicon monoxide dielectric layer (SiO, 490 nm) is used.

The RF path of our mixer chip comprises a unilateral finline
taper and a slotline-to-microstrip transition. The finline taper
transforms the incoming RF waves from the waveguide mode
into a slotline mode, by gently narrowing down the slot width
to about 2.5 µm, reducing the characteristic impedance from
∼ 500 Ω to values comparable to those microstrip (∼40 Ω).
This ensure efficient coupling of the incoming field from
slotline to microstrip, with an aid of two radial stubs (see
Fig. 1) of approximately λg/4 in radius [5]. Finally the loaded
waveguide was matched to the empty waveguide by a single
substrate notch taper formed before the finline.

The tuning circuit of the mixer comprises two inductive
strips before and after the junction, and a broadband multi-
stage transformer. The two inductive strips are used to pro-

P-3726TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



Unilateral finline

Slotline-microstrip Transition

Impedance matching transformer

Tuner circuits & RF choke

Tunnel junction

Fig. 1. The planar mixer chip comprising the unilateral finline taper, slotline-
to-microstrip transitions, impedance matching transformer, tuner circuit and
RF choke, working in conjunction with a 1.5 µm2 circular Nb/AlOx/Nb SIS
tunnel junction.

vide broadband tuning response [5], and a 3-step quarter-
wavelength transformer is deposited before this tuning cir-
cuit to match the impedance of this section to the slotline-
to-microstrip transition. This tuning network was designed
to work with a 1.5 µm2 circular Nb/AlOx/Nb SIS tunnel
junction, with a normal resistance of approximately 15 Ω
(assuming a current density of 10 kA/cm2) and a junction
capacitance of ∼ 120 fF. The final design of the entire planar
circuit structure was optimised using Ansys High Frequency
Structure Simulator (HFSS), to include the effect of the
complex surface impedance of the superconductor material,
dielectric thickness, loss tangent, and other factors that cannot
accurately be calculated from transmission line theory.

The IF output of the mixer chip was matched to a 50 Ω
IF output through a multi-stage IF transformer PCB board
[6], optimised in the frequency range of 4–18 GHz. The
design of the IF transformer was done using a lumped element
software package (Ansys Designer). The scattering matrix
of the mixer chip generated through HFSS was imported to
the Ansys Designer’s circuit model, and several microstrip
components from the software library were cascaded to match
the scattering matrix representing the output impedance of
the chip to the amplifier. In this work, we used a 6-stage IF
transformer, where the first two microstrip sections served as
two inductive strips to tune out the mixer chip’s capacitance
over a wide IF bandwidth, while the subsequent four sections
transformed the real resistance to a 50 Ω output.

The heterodyne performance of the final mixer design was
verified using CalTech’s superconducting mixer design pack-
age SuperMix, which is based on Tucker’s quantum theory of
mixing [7]. We imported the scattering matrices generated by
both HFSS (for RF components) and Ansys Designers (IF
transformer) into SuperMix to form the mixer model. The
results of SuperMix calculations are shown in Fig. 2. The
predicted noise temperatures are low from 140–260 GHz,
while the double sideband (DSB) gain stays reasonably flat
throughout the designated RF bandwidth. This broad RF
bandwidth can in fact cover both the Band 5 (163–211 GHz)
and the Band 6 (211–275 GHz) requirement of the Atacama
Large Millimetre/Sub-millimetre Array (ALMA). However, it
is worthwhile noting that these predicted results do not take
into account the effect of optical losses before the mixer chip,
hence they should only be considered as a guide to designing
a mixer with best performance.

Fig. 2(b) shows the SuperMix predicted mixer DSB gain
and noise temperature at the IF frequencies. It can be seen that
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Fig. 2. (a) The RF mixing performance of the mixer simulated using
SuperMix model. The conversion gain stays around 0 dB and the noise
temperature predicted to be around 10 K from 140–260 GHz. (b) The
IF heterodyne mixing performance of the mixer simulated using SuperMix
model. The mixer gain is flat around 0 dB from 5− 18 GHz, while the noise
temperature remains below 10 K up to ∼ 20 GHz. It is clearly seen that the
RLC resonance is located outside the designated IF band at approximately
27 GHz, freeing up a 20 GHz band for impedance matching.

when the mixer output is matched with the IF transformer, the
gain remains relatively flat from 5–17.5 GHz, and the predicted
noise temperature remains below 10 K from 0–20 GHz. This
bandwidth is large enough to cover the full-band operation of
a majority of cryogenic low-noise amplifier (LNA) available
commercially (typically 4–12 GHz), and is wide enough for
most astronomical applications. The RLC resonance described
earlier can clearly be seen near 27 GHz, where the noise
temperature has shot up abruptly. This indicates the success of
our design to shift the resonant frequency of the the parasitic
RLC circuit outside the required IF band, hence having a high
performance mixer in an IF bandwidth of more than 15 GHz.

III. DEVICE FABRICATIONS

A batch of device with the above-described design was fab-
ricated in Paris Observatory’s clean room facility using pho-
tolithography and self-aligned processing techniques based on
the well-known niobium/aluminium (Nb/Al) fabrication tech-
nique. The Nb(200nm)

/
Al(∼10nm)-AlOx(∼1nm)

/
Nb(100nm) tri-

layer is first in-situ deposited on 300 µm thick quartz substrate
(thinned to 100 µm after processing). The finline taper and
the ground plane structures were defined using ionic etching
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(a)

(b)

Fig. 3. (a) A sub-sector of a 2” wafer containing 7 fabricated SIS mixer
devices. (b) Optical microscope image of the 220 GHz SIS mixer device. The
tunnel junction is clearly seen in the inset (the circle located at the centre
of the yellow square). The yellow square indicates the area where the upper
(250 nm) SiO layer was not deposited, so that the Nb wiring layer can have
a better contact to the tunnel junction.

Fig. 4. Typical DC current-voltage (IV) curve of the fabricated SIS mixer
devices, measured at liquid helium temperature.

off the trilayer. The 1.5 µm2 SIS junction was defined using
optical lithography and a selective niobium self-aligned etch
process, where the upper Nb layer was removed by reactive
ionic etching, and then the area around the junction was re-
placed with a 240 nm thick SiO layer. A new photolithographic
step followed up by the deposition of 250 nm SiO layer

allowed us to achieve the required SiO thickness of 490 nm in
order to realise the designed Nb/SiO/Nb RF tuning microstrip
circuit. An upper 400 nm thick Nb layer was then sputtered to
provide contact to the tunnel junction and form the Nb/SiO/Nb
microstrip wiring layer.

Fig. 4 shows the IV curve of one of the fabricated devices
measured at liquid helium temperature. The Josephson current
was suppressed by rapid switching of the biasing circuit. As
can be seen from the measured IV curve, the fabricated mixer
have a very low leakage current (9–10 mA) characteristic, and
the tunnel junctions shows a quality ratio (Rsg/Rn) of about
15 for a critical current density of Jc = 9 − 10 kA/cm2. We
would like to emphasise that the slight slant of the curve near
the gap is not intrinsic to the junction behaviour, but is caused
by the series resistance introduced by the electronics used to
measure these devices.

IV. CONCLUSION

We have presented an SIS mixer design that have broad
RF and IF operating bandwidths. We optimised the mixer
design using a combination of rigorous electromagnetic and
quantum mixing softwares, combining HFSS and SuperMix.
The simulation model predicts a broad RF bandwidth of
120 GHz centred around 200 GHz, with the noise temperature
remains quantum-limited in the IF frequency range of 0–
20 GHz . We have fabricated a batch of these mixer chips on
a 100 µm quartz wafer, and we have measured good DC IV
characteristic curves. We are currently preparing to measure
the RF heterodyne mixing performance of these mixers, and
we hope to present the measured results in the forthcoming
ISSTT conference in March.
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Abstract—We present the design of planar superconducting
on/off switch comprising a number of high normal resistance
nano-bridges deposited across a the slot of a unilateral finline.
We have simulated the performance of this device and have
shown that it has a much larger dynamic range than a single
nano-bridge fabricated from the same material (Niobium Nitride,
NbN). The response of a single bridge device was measured
either directly using a terahertz power meter or by using
superconductor-insulator-superconductor (SIS) device as direct
detector. In either method, we have demonstrated good agreement
between simulations and measurements, and therefore confirmed
the integrity of our analysis of the device performance. We
have recently designed and fabricated multiple nano-bridges
superconducting switches using 50 µm thick NbN film. The
measurement of these devices is currently in progress and we
expect to report the results in the forthcoming ISSTT conference
in March.

I. INTRODUCTION

A planar superconducting on/off switch that can be used
to modulate millimetre and sub-millimetre signal with high
switching speed is important for various astronomical in-
struments operating in this wavelength regime. It offers a
potentially much more efficient and elegant solution against
the traditionally used rotating quasi-optical or waveguide
half-wave plates and Faraday rotators [1]. This is particu-
larly important for constructing ultra-sensitive polarimeter for
measuring the polarisation state of the Cosmic Microwave
Background (CMB) signals. Another important application is
the Bolometric Interferometry instruments where the beams
are combined at RF frequencies. An important advantage of a
planar nano-switch design is that it allows the modulator to be
easily integrated into the detector circuit, offering a compact
and low power consumption solution, and therefore enabling
the construction of a large format focal plane array.

II. PLANAR SUPERCONDUCTING ON/OFF SWITCH

In previous papers [2], [3], [4], [5], we have demonstrated
that a nano-switch integrated across the gap of a unilateral
finline can provide an on/off switching operation as the nano-
bridge is switched between the normal and superconducting
state using a step current source.

Our superconducting on/off switch is designed to operate
in the frequency range of 180–260 GHz. It comprises NbN
nano-bridges of 0.5 µm width deposited across a 5 µm
wide unilateral finline slot, supported by a 100 µm quartz

substrate. The RF signal is fed to the device via a back-to-
back unilateral finline taper, as shown in Figure 1. The finline
chip is positioned at the E-plane of the waveguide, connected
to two millimetre horns via the waveguide transition pieces,
arranged in a similar back-to-back optical layout, as shown in
Figure 2. The local oscillator (LO) signal is fed from one end,
and the transmitted signal is measured at the other end.

The NbN nano-bridges are modulated between the super-
conducting (on) and the normal (off) states by applying a
square-wave bias current across the nano-bridges, causing the
device to switch from the superconducting state to the normal
state when the bias current exceeds the critical current value.
In previous experiments, the transmitted signal was read by
observing the pumped I-V curve of a superconductor-insulator-
superconductor (SIS) device [5]. On this occasion, this was
replaced with a free-space absolute terahertz power-energy
meter from TK Instruments to measure the difference in the
transmitted output power in each state, and therefore obtain
the response of the switch to the LO signal.

III. PRELIMINARY RESULTS

The idea of the superconducting nano-switch is that the
transmission line presents low input impedance to the in-
coming wave when the nano-bridge is in the superconducting

Unilateral finline 

Bond wires 

Unilateral finline 
Slotline 

Multiple superconducting nano-bridge 

Fig. 1. A planar phase switch demonstrator comprising three superconducting
nano-bridges deposited across the slotline section of a back-to-back unilateral
finline taper.
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Fig. 2. Experimental setup for measuring the response of the superconducting on/off switch using a THz power meter.
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Fig. 3. Measured responses of a superconducting switch with 20 nm thick
NbN nano-bridge using both the setup with THz power meter (diamond) and
the SIS device (triangle) as power detector. The HFSS simulated response of
the same device show a similar dynamic range and switching behaviour as
the measured results.

state (switch on) and a high input impedance when the nano-
bridge in the normal state. The dynamic range of the switch
is therefore primarily determined by the ratio of the normal
resistance to the kinetic reactance. A high performance nano-
switch therefore will have a high normal resistance (normal
state) and a small kinetic inductance (superconducting state).

We have previously fabricated several superconducting
on/off switches with only one nano-bridge of 20 nm thick
across the slotline. Figure 3 shows the measured response of
the device measured using the new setup shown in Figure 2,
along with the previously measured results using the SIS
device as direct detector. As can be seen, the measured
dynamic ranges are rather consistent within ±0.5 dB, and
more importantly agree with the responses predicted by the
High Frequency Structure Simulator (HFSS) model.

However, the dynamic range of these devices was poor since
the ratio of the normal resistance to the kinetic impedance
was not high enough. This is because when the nano-bridge
was in superconducting state, it did not reflect the incoming
signal efficiently. This can easily be seen by recalling that the
impedance of a superconducting strip is determined by the
resistive part of its surface impedance Rsurf ; the geometric
inductance Lgeo, and the kinetic inductance Lkin. The later
inductance has a significant value only in the superconducting
state, whereas Rsurf = RN , its thin film normal resistance in

the normal state, and Rsurf ≈ 0 in the superconducting state.
The value of these parameters are given by [6]:

RN = ρl/wt, (1a)

Lgeo = 0.2l

[
1

2
+ ln

(
2l

w + t

)
+ 0.11

(
w + t

l

)]
µH, (1b)

Lkin = µ0
lλL
w

coth
t

λL
, (1c)

where ρ is the resistivity of the superconductor, λL is the
London penetration depth, and w, l and t is the width, length
and thickness of the superconducting strip respectively. For an
RF/LO signal at an angular frequency of ω = 2πf , the two
impedance states are thus given by:

Zsc = iω(Lkin + Lgeo), and (2a)
Znorm = RN + iωLgeo. (2b)

For an ideal switch: in the superconducting (‘switch-on’) state,
the nano-bridge should has an impedance of Zsc → 0. In this
state, the load acts as a short, and any waves propagating along
the transmission line are reflected. In the normal (‘switch-off’)
state, the surface impedance is much higher (≈ RN ) and the
nano-bridge has an impedance of Znorm → ∞. The switch
becomes opened and the RF/LO signal will pass through the
transmission line with minimum loss.

Initially, we attempted to increase the dynamic range by
reducing the nano-bridge thickness down to 20 nm, hence
increasing the normal resistance. But from Equation 1, we can
clearly see that the kinetic inductance Lkin depends exponen-
tially on t/λL due to the coth (t/λL) term. Decreasing the
value of t/λL therefore gives rise to a much larger increase
in the value of the kinetic inductance than in the normal
resistance (which depends linearly on thickness), causing a
decrease in the dynamic range. The thickness of the nano-
bridges in our new devices was therefore increased from 20 nm
to 50 nm so that it is now approaching the London penetration
depth of the NbN film, hence reducing the kinetic inductance
of the nano-bridges.

IV. HIGH DYNAMIC RANGE BROAD BANDWIDTH DESIGN

An illustration of the ideas described above is shown in
Figure 4 which gives the power transmission allowed by the
switch as a function of the surface impedance of the nano-
bridges. From the plot, it is clearly seen that the dynamic range
improves with the lower surface impedance values (e.g., by
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increasing t), as a result of the sharp increase in the difference
of impedance between the two states.

To test the idea that increasing the nano-bridge thickness
improves the dynamic range, we have included a variety of
designs with single, two or three nano-bridges deposited across
the finline in the new fabrication batch. Multiple nano-bridge
designs were introduces in order to allow the total impedance
of the switches seen by the RF/LO signal at both ‘on’ and ‘off’
states to be altered, giving a degree of freedom in selecting
the optimum operating point of the switches [5].

Figure 5 shows the HFSS simulated model of a single, two
and three nano-bridge/s deposited in parallel to form the on/off
switch. Each nano-bridge is 0.5 µm wide, 5 µm long and
separated from each other by a distance of 50 µm. The nano-
bridges were all formed using a 50 nm thick NbN film, and
the RF/LO signals are fed and read using similar back-to-back
unilateral finline taper as described before. As can be seen
from the plot, the dynamic range improves almost linearly
with the number of nano-bridges. The testing of these new
devices is currently underway and the measured results will
hopefully be reported in the forthcoming ISSTT meeting in
March.

V. TWIN-BRIDGE RESONANT TUNING: A NEW DESIGN
CONCEPT

A fundamental disadvantage of the nano-switch investigated
above is that they require a small kinetic inductance in the su-
perconducting state and large normal resistance in the normal
state. We have shown that a large ratio of r = RN/|Lkin| is fun-
damentally difficult to achieve for given material parameters.
The employment of multiple bridges improves the the dynamic
range but at the same time they decrease the normal resistance
since the resistances of the bridges are added in parallel. This
can clearly be seen in Figure 4 as the insertion loss S12

decreases from −1.5 dB to −2 dB as the normal resistance
is reduced by 30 Ω. One can think of ways to decrease
the normal resistance of the bridges without decreasing the
thickness but it is bound to make the device more complex and
may result in increasing the critical current. We have already
attempted to encounter this problem by creating a series RLC
circuit integrated to the device in order to tune out the kinetic
inductance. This however resulted in a multi-layered structure
which is difficult to fabricate as a result of the parallel plate
capacitor.

A much more elegant solution to increasing the dynamic
range without impeding a penalty on the power transmission
when the switch is open, is to create a parallel resonant RL
structure by using a twin-bridge tuning design. This is largely
similar to the twin-junction tuning network used for cancelling
out the junction capacitance of an SIS mixer [7], [8]. Here,
we employ a second nano-bridge to tune out the inductance
of the first nano-bridge at a certain operating frequency.
The two nano-bridges are separated by a quarter-wavelength
transmission line, so that the complex impedance of one nano-
bridge is equal to the complex conjugate impedance of the
other nano-bridge after it is transformed by the transmission
line.

For an incoming RF/LO signal near the resonance frequen-
cies ω = 2πfR, the two impedance states of switch in this
twin-bridge tuning design are now governed by:

Zsc =

[
1

iωLsc
+

1

−iωLsc

]−1
→∞, and (3a)

Znorm =

[
1

RN + iωLgeo
+

1

RN − iωLgeo

]−1
(3b)

=
R2

N + (ωLgeo)2

2RN
, (3c)

where Lsc = Lkin + Lgeo.
One notes immediately that the switching principle of

operation is now the reverse to the one employed in Section III.
In this case, when the nano-bridges are superconducting, the
total impedance Zsc →∞, and therefore the switch becomes
opened and any waves propagating along the transmission line
is transmitted through unimpeded. When the nano-bridges are
in the normal state, and as long as the switch impedance
Znorm ≤ Z0, the characteristic impedance of the slotline,
the switch will, approximately, act as a short and reflects the
incoming wave provided RN << Z0, which is not at all
difficult to achieve. This reverse operation scheme therefore
requires the impedance at the normal state Znorm to be as
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Fig. 6. The response of a superconducting on/off switch with two 50 nm
thick NbN nano-bridges separated by a quarter wavelength long slotline.

low as possible. This can be done in several ways, such as
increasing the width of the nano-bridges or using a low normal
resistance superconducting material such as Niobium (Nb). In
fact, use of a wider nano-bridge also eliminates the need for
using electron-beam lithography to fabricate these devices.

Figure 6 shows the HFSS predicted dynamic range and
the power transmission in both superconducting and normal
state for a switch comprising two 50 nm thick NbN nano-
bridge separated by a quarter-wavelength slotline, deposited
across the slotline section of the back-to-back finline taper.
The nano-bridge is 5 µm long and 2 µm wide now, in order
to reduce the normal resistance RN , and therefore increase
the dynamic range. As can clearly be seen from the plot, at
the resonance frequency of 215 GHz, the dynamic range is
higher than 10 dB, while the power transmission when the
switch is superconducting is approaching 0 dB. This improves
significantly the power transmission of the switch and provides
an ideal switch design for applications where the incoming
signal is weak. It is however evident from the plot that the
operating bandwidth of the resonant switch is narrower than
that of the multiple bridge switch described in Section IV.

VI. CONCLUSION

We have presented a design of a planar superconducting
on/off switch comprising nano-bridges deposited across the

electrodes of a slotline. Preliminary experimental results have
been presented and agree well with electromagnetic model
simulations. The low dynamic range of the single nano-bridge
switch was caused mainly due to its small thickness since it
caused the residual kinetic inductance to be too high in the
superconducting state. In this paper, we therefore proposed
two solutions to improve the dynamic range of the switch, by
employing multiple nano-bridges across the same slotline. By
carefully choosing the separation distance between the nano-
bridges, we can either design a broadband solution with slight
loss of transmission or a resonant narrow band design without
compromising the power transmission of the switch. In either
case, we predict a dynamic range of more than 10 dB. We
are currently in the process of measuring the response of the
broadband design with a thicker NbN film, and the measured
results shall be reported in the forthcoming ISSTT conference
in March.
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Hot-electron bolometer mixers (HEB’s) are the most 

promising  devices  as  mixing  element  for  terahertz 
spectroscopy and astronomy at frequencies beyond 1.4 THz. 
They have a low noise temperature and low demands on 
local oscillator (LO) power.1,2 An important limitation is the 
IF  bandwidth,  of  the  order  of  a  few GHz,  and  which in 
principle  depends  on  energy  relaxation  due  to  electron-
phonon  processes  and  on  diffusion-cooling.  It  has  been 
proposed by Prober that a reduction in length of the HEB 
would lead to an increased bandwidth.3 This appeared to be 
achieved  by  Tretyakov  et  al  by  measuring  the  gain 
bandwidth  close  to  the  critical  temperature  of  the  NbN.2 

Unfortunately,  the  noise  bandwidth  of  similar  devices 
operated at temperatures around 4.2 K appear not depend on 
the length. The fundamental problem to be addressed is the 
position-dependent  superconducting  state  of  the  HEB-
devices  under operating conditions,  which determines the 
conditions for the cooling of the hot quasiparticles. Some 
progress has been made by Barends et al in a semi-empirical 
model to describe the I,V curves under operating conditions 
at a bath temperature around 4.2 K.4 In more recent work 
Vercruyssen et al have analyzed the I,V curve, without any 
LO-equivalent  bias,  of  a  model  NSN system.5 This  work 
suggests that the most appropriate model for an HEB under 
operating  conditions  is  that  of  a  potential-well  in  the 
superconducting gap in the center of the NbN, analogous 
the bimodal superconducting state described by Vercruyssen 
et al. Hot quasiparticles in the well can not diffuse out and 
can  only  cool  by  electron-phonon  processes,  those  with 
higher energies than the heights of the walls of the well can 
diffuse out. Using this working hypothesis we have carried 
out  experiments  on  a  sub-micrometer  NbN  bridge 
connected to a gold (Au) planar spiral antenna. An  in situ 
process is used to deposit Au on NbN. The Au is removed in 
the center to define the uncovered NbN, which will act as 
the superconducting mixer itself. The antenna is deposited 
on the remaining Au layer  on the NbN. The Au contacts 
suppress the energy gap of the NbN film located underneath 
the gold layer7,8. The measured resistive transition is shown 
in Fig.1. It clearly shows a Tc of the bilayer at 6.2 K and the 
resistive transition of the NbN itself around 9 K. In addition 
we show the measured noise bandwidth (red squares)  for 
different  bath  temperatures.  Clearly  the  noise  bandwidth 
increases strongly by increasing the bath temperature from 5 
K  to  8  K,  up  to  13  GHz.  We  interpret  this  pattern  as 

evidence for improved out-diffusion of hot electrons due to 
normal banks and a shallow superconducting potential well 
compared to kBT. As expected the noise temperature in this 
regime is much bigger than when biased at 4.2 K.
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Fig 1. Temperature dependence of HEB mixer resistivity — black 
symbols,  temperature dependence of noise bandwidth HEB mixer – red 
symbols.

Fig 2. The cross-section of the device, showing the thick Au-NbN and the 
bare NbN layers.
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Abstract — We report on our initial development towards a 2x2 

multi-pixel HEB waveguide mixer for operation at 1.4 THz. We 

have successfully fabricated devices comprising an NbN bridge 

integrated with antenna test structure using a silicon membrane 

as the supporting substrate. DC measurements of the test  chips 

demonstrate critical current from 0.1 - 1mA depending  on the 

size of device, with Tc of around 10 K and ΔTc ~ 0.8 K. 

I. INTRODUCTION 

During the last decade the Hot Electron Bolometer (HEB) 

mixer was established as the device of choice for heterodyne 

receivers operating at frequencies above 1 THz [1].  As the 

HEB mixer technology matures, further improvement in  

mixer/instrument performance can be made via the exploration 

of new superconducting and substrate materials, the 

implementation of multi-pixel receivers, or both [2,3].  

We are developing the technology required to implement    

a multi-pixel (2x2 matrix) HEB receiver, based on an NbN 

film deposited on a silicon membrane. In this paper, we 

describe the fabrication process and show preliminary results 

made on mixer test chips. 

II. SILICON MEMBRANE 

The silicon membrane is an attractive substrate for THz 

HEB devices, in part because it makes use of well-established 

technology. Furthermore, while Si has a relatively high 

permittivity (εr ~ 11.8), the thickness of the supporting 

membrane can be made sufficiently thin (a few microns thick) 

for THz waveguide applications.   

 Waveguide HEB mixers typically incorporate crystalline 

quartz as the substrate material because of its low loss and low 

permittivity. However, an MgO buffer layer is needed to 

achieve an acoustic match between an NbN film and a 

crystalline quartz substrate The use of silicon, compared to 

quartz, as  substrate material offers a number of advantages. 

Firstly, the lack of an additional (buffer) layer simplifies the 

fabrication process. The fact that the thin membrane 

supporting the NbN bridge and associated planar antenna is 

part of a larger , robust structure significantly improves chip 

handling, during the mixer chip installation process. Finally, 

membrane-based devices also facilitate the extension to multi 

pixel receiver array as all elements of the array can be 

fabricated on the same wafer. 

  

 
 
Fig. 1  Photo of a single NbN bridge on a  silicon membrane. The clear 

membrane is visualized as the bright yellow square. 
 

III. FABRICATION 

Test chips were fabricated to enable characterization of DC 

and IF performance. Using an SOI wafer as a substrate 

material, NbN and thin Au films are deposited by DC reactive 

magnetron sputtering in an in situ process [4]. This is followed 

by patterning of the superconducting NbN bridge using 

electron beam lithography and, several additional photo-

lithographic and lift-off processes to define  the planar antenna 

and contact pads. Finally, the silicon below the NbN bridge 

and antenna structure is etched from the back-side of the 

wafer, using the deep reactive ion etching process. The test 

mixer chips fabricated thus far measure 6 mm x 6 mm x 0.3 

mm thick, with membrane thickness of 6 µm. A single 

element of the 2x2 matrix is shown in figure 1. 
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Fig. 2 Typical current – voltage characteristics of  three of our HEB test 
devices. Referring to the insert, the main superconducting transition region 

corresponds to a Tc of 9.9K, and a transition width (ΔTc) of 0.82K. 

 

IV. PRELIMINARY RESULTS 

We have successfully produced a set of test mixer chips 

using silicon membrane technology. A representative DC I-V 

curve for these mixers is given in Fig. 2. DC tests, made on a 

number of chips demonstrate critical current from 300 µA  for 

smaller devices (2µm x 0.22µm) to 870 µA for the largest 

devices (5µm x 5µm). For all devices tested thus far, the main 

superconducting transition region lies in the range 9.5-10 K. 

This means that the deep reactive ion etching of the silicone 

substrate, which follows fabrication of the HEB mixer, has not 

adversely affected the superconductive qualities of the NbN 

film. Investigation of the IF quality of these HEB receivers is 

under way.  
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Abstract— As receiver bandwidth increases, it becomes necessary 
to increase the speed of the analog-to-digital conversion (ADC) as 
well as the digital signal processing (DSP) in the system back end. 
Otherwise, one would require a very complex filter bank system 
employing a large number of analog modules to break the IF 
bandwidth into small blocks for digital sampling and signal 
processing. Fortunately, a new generation of ADC with multi-
GHz bandwidth has emerged, and DSP technology has been 
following Moore’s law. A 26 gigasample per second (GSa/s) 3-bit 
ADC is commercially available from Hittite, Inc (recently 
acquired by Analog Devices). Using this ADC, SAO, in 
collaboration with Techne Instruments, has demonstrated high 
fidelity 3-bit 20 GSa/s conversion with data captured directly and 
asynchronously by a SERDES transceiver on the Xilinx Virtex 7 
XC7VX690T Field Programmable Gate Array (FPGA). This 
development suggests that IF bandwidths in multiples of ~10 
GHz could soon be handled by a single compact module. 

I. INTRODUCTION 
In 2013 with “Competitive Grants Program For Science”  

(CGPS) funding from Smithsonian Institution (SI) the SAO 
DSP group embarked on a project to design a circuit module 
based on a Hittite 3-bit (with overflow) 26 GSa/s ADC.  This 
builds on our work on a 5 GSa/s ADC presently being applied 
at the Submillimeter Array (SMA) [1].  

The ADC part number is HMCAD5831LP9BE [2], and it 
has been designed onto a board with an FMC (Vita 57.1 
standard) connector interface to a Xilinx development board, 
the VC709[3].  This carries a powerful XC7VX690T FPGA.  
80 GTH Multi-Gigibit Serial Transceivers are available on the 
FPGA. 10 GTH pairs brought out to the FMC connector on 
the VC709 evaluation board.  

The GTH Transceiver is a sophisticated subsystem capable 
of transmitting and receiving serial data at rates up to 13.1 
Gb/s per channel (though the -2 speed grade FPGA on the 
VC709 is limited to 11Gb/s operation). The transmitter and 
receiver each have several functional blocks that are critical 
for reliable reception of data from the Hittite ADC.  The 
Hittite ADC is a “3 plus” bit resolution part, outputting 3 bits 
plus an over-range bit, in other words encoding a total of 10 
analog levels. The digital output is demultiplexed into two 4-
bit paths, with each path transmitting data at half the sample 
rate, or 10Gb/s for a 20GSPS conversion rate. Thus eight GTH 
receiver channels are sufficient to receive the data. 

An XOR input on the ADC allows the user to multiply the 
digital data out of the chip by a modulating signal, to ensure 
there are enough data transitions for successful clock recovery. 
An INHIBIT input to the ADC forces the ADC data to zero, 
causing the modulation sequence to appear at all ADC output 
pairs. 

II. PCB DESIGN DETAILS 
A critical requirement for achieving error-free data 

transmission from the ADC to the FPGA is the use of a 
modulation sequence with which the eight serial data streams 
are XORed internal to the ADC chip. The GTH receivers 
detect the clock embedded in the data stream by sensing the 
data edges; for this clock detection system to achieve and 
retain lock, the data edges must occur sufficiently often. One 
GTH transmitter is used to provide this modulation sequence 
in a very flexible manner. 

The HMC723 D-flip-flop is provided to synchronize the 
incoming modulation stream to a half-sample-rate clock 
provided by the ADC. This relaxes the timing requirement of 
the modulation stream from the 20GHz clock domain of the 
ADC to the 10GHz Fsample/2 domain. A variable delay chip, 
HMC856, is provided between the DFF and the ADC chip to 
adjust the timing of the synchronized sequence to meet the 
setup and hold requirements of the ADC's internal registers. 

A pair of HMC859 divide-by-eight chips create the 156.25 
MHz reference clock necessary for data reception in the GTH 
receivers from the 10GHz clock output from the ADC.  DC 
power is supplied from the +12v available on the FMC 
connector. Two DC/DC switching converters convert +12 to 
the -5.0 and -3.3v supply rails required by the ADC and other 
components. 

D/A converters are provided to set the ADC's REFT and 
REFB levels, and thus the conversion range. The signal input 
of the ADC is single-ended, dc-coupled, and is buffered 
internally by an emitter-follower stage, so the signal applied to 
the ADC core is offset by the Vbe of this stage. The DACs set 
the top and bottom of the reference ladder to the desired input 
range offset by this value. The nominal settings are REFT = -
900mv, REFB = -(900 + 256) mv, and thus the nominal input 
span is 256mv, or 1mv per LSB. The board sits piggyback on 
the VC709 and connects via a Samtec ASP- 134488-01 FMC-

P-41



26TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015 
 
HPC (FPGA Mezzanine Connector- High Pin Count) 
connector. 

 
Fig. 1  Block diagram of the circuit board designed to carry the 20 GSa/s ADC 

Serial data output to or input from the FPGA are at 
“Current Mode Logic” (CML) levels below ground and must 
therefore be AC-coupled to the FPGA. A long time constant is 
desirable here to provide a long averaging time for low dc 
disparity. 100nF “ultra-wideband” capacitors fro American 
Technical Ceramics are used to provide a 5us (100nf * 50 ohm 
half-circuit termination resistance) time constant with low 
losses at RF frequencies: 

III. MODULATING SEQUENCE 
The modulating sequence with which the ADC data is 

XORed must meet two criteria: 
o It must have low dc disparity.  In other words it must 

have approximately the same number of 1s and 0s so 
that, when the ADC output is inhibited, the ac- 
coupled sequence will not contain an appreciable DC 
component that would degrade the data eye. 

o It must result in a sufficient frequency of data 
transitions in the modulated data streams such that 
the GTH receiver clock recovery system can function 
properly. 

Additionally, the modulation sequence may have the word- 
and channel-alignment codes built-in to permit the Rx logic to 
do word- and channel-alignment. Note that the PRBS 
sequence is only used for adjustment of the phase of the 
modulation data and is not used as the modulation sequence 
itself. 

The second requirement demands that the chosen 
modulation sequence have an extremely low probability of 
aligning with the ADC output data; if the two sequences were 
to align for a sufficiently long period, the receivers would see 
no clock transitions and would fall out of lock. This could 
cause one or more lanes to lose alignment with others. The 
maximum transition-free interval over which the receiver 
clock recovery system will stay in lock is not specified in the 
Xilinx documentation. 

We experimented with several sequences and chose a 
slightly modified 250MHz square wave. The 640-bit sequence 
contains eight cycles of this waveform, plus one instance of 
the comma (for word alignment) and one instance of the 
channel-bond sequence (for lane-to-lane alignment). A few 
cycles of the modulating sequence can be seen in figure 2.  

 

 
 

Fig. 2   Sample few cycles of modulation sequence. 

 
 
The single spike positive is one bit of the comma; the 

extended chattering area is the channel-bond sequence. An RF 
input high-passed at say 500MHz would have virtually zero 
probability of ever aligning with this sequence. 

The firmware was developed in Xilinx's Vivado design 
environment (v2014.2) and comprises a MicroBlaze soft 
processor, many standard MicroBlaze peripherals, and a 
custom peripheral which includes the six GTH receivers, one 
GTH transmitter, modulation and demodulation sources, and 
the 10Gb/s Ethernet components necessary for high-speed data 
output. 

 
 
 

IV. TEST RESULTS 
A.  Noise tests 

With a noise generator to the ADC board via the VLF-7200 
LPF and adjusted the noise level to about 1.6 LSBs rms.  We 
acquired data, computed a 2048-point power spectrum, and 
averaged the results for 1000 such records.  Figure 3 shows 
the resultant spectrum.  Note the stop bands are at a level of 
about -14 dBc as expected for 3-bit sampling. 

 

 
 

Fig. 3  Spectrum of low pass filtered wideband noise sampled at 20 GSa/s. 

 
B.  Sine wave tests 

We tested the dynamic response to a sine wave with a 
100MHz synthesizer, phase-locked to the ADC clock 
generator.  Spectra are taken with no noise added to the sine 
wave, then then with 0.5 LSB of noise to the sine wave 
suppressed the spurs due to coarse quantization.  The spectra 
shown in figure 4 are the result of accumulating about 150,000 
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sine wave samples.  The Spurious Free Dynamic Range at -24 
dBc in the non-dithered case is as expected for 3-bit sampling. 

 

 
Fig. 4  Spectrum 100 MHz sine response,  The top panel shows the spectrum 

with no noise added, the bottom with 0.5 LSB of noise dithering.  Adding 
some noise suppresses the spurs due to quantization and improves Spurious 

Free Dynamic Range (SFDR). 

C.  Sparkle codes 
 

 
Fig. 5   Sine wave snapshot showing sparkle codes. frequency of occurrence is 
exaggerated in the above display due to infinite persistence of the plotting 
program. 

 
"Sparkle codes" often seen in flash converters, essentially a 

conversion error. Hittite reports that others have seen these.  
Inspection of the waveforms indicate that they occur about 

once in 3000 points for this waveform, typically at the 011 to 
100 or 100 to 011 code transition (but not always).  Figure 5 
shows a snapshot of time domain sine wave data showing the 
sparkle codes manifest as glitches in the waveform. 

 

V. CONCLUSIONS 
We have evaluated the fastest ADC integrated circuit 

available in commercial and industrial markets (the 26 GSps 
Hittite HMC5913) evaluated its performance for the noise like 
signals typical in radio astronomy digital signal processing. 
The interface via the FMC connector and GTH receivers using 
the GTH transmitter as a modulation source is extremely 
robust, and the ADC performs in accordance with its 
expectations up to 22 GSa/s. Sparkle codes occur with a 
surprising frequency, but don't seem to degrade dynamic 
performance appreciably.  We expect this ADC might find 
application as high frequency radio observatories, such as 
those approaching the terahertz bands, for example ALMA 
[4], and SMA. 
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Abstract— A new digital back end (DBE) is being commissioned 
on Mauna Kea.  The “SMA Wideband Astronomical ROACH2 
Machine”, or SWARM, processes a 4 GHz usable band in single 
polarization mode and is flexibly reconfigurable for 2 GHz full 
Stokes dual polarization. The hardware is based on the open 
source Reconfigurable Open Architecture Computing Hardware 
2 (ROACH2) platform from the Collaboration for Astronomy 
Signal Processing and Electronics Research (CASPER).  A 5 
GSps quad-core analog-to-digital converter board uses a 
commercial chip from e2v installed on a CASPER-standard 
printed circuit board designed by Homin Jiang’s group at 
ASIAA.  Two ADC channels are provided per ROACH2, each 
sampling a 2.3 GHz Nyquist band generated by a custom 
wideband block downconverter (BDC).   The ROACH2 logic 
includes 16k-channel Polyphase Filterbank (F-engine) per input 

followed by a 10 GbE switch based corner-turn which feeds into 
correlator-accumulator logic (X-engines) co-located with the F-
engines. This arrangement makes very effective use of a small 
amount of digital hardware (just 8 ROACH2s in 1U rack mount 
enclosures). The first quadrant of SWARM was deployed for 
science at SMA in November 2014.   
 
The primary challenge now is to meet timing at full speed for a 
large and very complex FPGA bit code.  Design of the VLBI 
phased sum and recorder interface logic is also in process.  Our 
poster will describe the instrument design, with the focus on the 
particular challenges of ultra wideband singal processing.  Early 
connected commissioning and science verification data will be 
presented. 
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Abstract— Hot electron bolometer (HEB) mixers are frequently 

being used for high resolution spectroscopy at terahertz 

frequencies. Currently employed mixers are based on 

superconducting materials such as Nb and NbN. Magnesium 

diboride (MgB2) with its higher critical temperature is a 

promising candidate that could significantly improve HEB 

performance in comparison to conventional superconductors. 

This study focuses on ultrathin MgB2 films deposited by the 

hybrid physical chemical vapour deposition (HPCVD) 

technique for the employment in HEB mixers. Due to the 

Volmer-Weber growth mode encountered in the HPCVD 

process, films thinner than 10 nm are difficult to achieve as a 

result of incomplete film coverage. Therefore, ion milling of 

thicker MgB2 films down to the desired thickness was explored 

as part of this study as well, resulting in uniform films of less 

than 10 nm. All MgB2 films showed Tc higher than 36 K with 

residual resistivities below 26 μΩcm, where the milled films 

showed consistently higher Tc and lower resistivity in 

comparison to the regularly grown films. The thinnest films 

achieved in this fashion display critical currents of 5x106 A/cm2 

at 15 K. The ion milling process also leads to an improved 

surface morphology with a roughness of less than 2 nm. The 

results show that ultrathin films fabricated by the HPCVD 

process and thinned down by ion milling exhibit improved 

qualities than films directly grown using the HPCVD process 

alone. 

INTRODUCTION 

Hot electron bolometer mixers represent an important tool 

for terahertz astronomy and currently employed detectors 

contain NbN based devices [1]. Due to the critical 

temperature Tc of NbN being nearly 10 K [2], such mixers, 

however, need to be operated at temperatures close to 4.2 K. 

Furthermore, NbN based mixers suffer from a relatively low 

intermediate frequency (IF) bandwidth. The IF bandwidth is 

one of the key characteristics of HEB mixers and is in part 

determined by the electron relaxation time. The relaxation of 

hot electrons created in an HEB mixer during operation 

relies on the transfer of its energy to a phonon, which then 

escapes from the superconducting film into the substrate. As 

a result, the relaxation process highly depends on the 

electron-phonon interaction time [3]. NbN exhibits an 

electron-phonon relaxation time of about 12 ps at 10 K, 

leading to an IF gain bandwidth of up to 3 GHz [4, 5]. IF 

bandwidths of up to 6.5 GHz have been recently realized for 

NbN HEBs by further improving the mixer fabrication and 

design [6, 7]. As terahertz radiation in increasingly broader 

frequency ranges, such as Doppler broadened lines in 

interstellar molecular clouds, becomes the focus of current 

research, HEB mixers with IF bandwidths of more than 

10 GHz are required. This necessitates the investigation of 

other materials than NbN and examining their feasibility for 

the employment in HEB mixers. 

MgB2, which exhibits Tc of up to 39 K [8], offers a viable 

substitute for NbN. As the estimated electron-phonon 

interaction time is just a few picoseconds [9], IF bandwidths 

beyond those of NbN HEB mixers could be achieved. While 

MgB2 thin films have already been explored for HEB use in 

the past [10], the quality of the employed films led to 

devices with low Tc. Nevertheless, by achieving a mixer gain 

bandwidth of 3.4 GHz with a noise performance comparable 

to that of NbN HEB mixers, it was shown that with further 

improvements, MgB2 could potentially rival NbN and other 

conventional superconductors. 

The hybrid physical chemical vapour deposition process 

results in ultrathin MgB2 films of significantly higher quality 

compared to any other method [11-14]. Not only does this 

process lead to films of high purity, but the intrinsic strain 

encountered in these films due to lattice mismatch between 

the film and substrate can lead to critical temperatures above 

bulk value. As the Volmer-Weber mode governs the growth 

of these films, however, thicknesses of less than 10 nm are 

difficult to achieve due to incomplete film coverage. In this 

work, we compare MgB2 films grown by the regular 

HPCVD method with films that have been fabricated by 

thinning a subsequently thick HPCVD MgB2 film down to 

the desired thickness using an Ar ion milling process. With 

this approach, uniform films of well below 10 nm have been 

achieved with relatively high critical temperatures and low 

residual resistivities. 

EXPERIMENTAL 

In the HPCVD process vapors of Mg and B, which are 

supplied by physical vapor deposition of Mg and chemical 

vapor deposition of B, react at high temperatures in a clean 

environment, resulting in the deposition of high quality 
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MgB2 thin films [15, 16]. Thermodynamic stability of MgB2 

is crucial in this process which necessitates a high Mg vapor 

pressure. The high vapor pressure is achieved with 

evaporation of solid Mg pieces and formation of MgB2 is 

initiated through the introduction of B2H6 (diluted to 5% in 

H2) gas and its subsequent decomposition at high 

temperature. Oxygen contamination is omitted as the process 

takes place in a H2 atmosphere. The employed HPCVD 

system has been described in detail by Zeng et al. [17] in the 

past. 

An HPCVD MgB2 thin film deposition requires four 

pieces of clean Mg which are placed on the edge of a 

stainless steel susceptor while 15x15 mm
2
 substrates are 

placed at its center. The system is subsequently pumped 

down and flushed with hydrogen gas to remove any 

contaminants. After flushing, the chamber pressure is set to 

40 Torr and the susceptor temperature is slowly raised. Once 

the Mg pieces begin to melt, the susceptor is kept at a stable 

temperature during deposition. The deposition of MgB2 

begins with the introduction of the B2H6 gas mixture into the 

chamber and ends once the B2H6 flow is shut down. 

As the MgB2 deposition rate depends on the B2H6 flow 

rate, ultrathin films have to be grown in a relatively low gas 

flow in order to provide accurate thickness control. The 

ultrathin films have therefore been grown at flow rates of 

2 sccm and deposition times between 30 sec and 1 min. 

During regular HPCVD MgB2 growth, the deposition 

temperature is fixed at around 15°C above the melting point 

of the Mg pieces. In the case of the ultrathin films, the 

susceptor temperature was kept just above the melting 

temperature, to keep particle diffusion and island formation 

to a minimum and achieve more uniform coverage. With this 

HPCVD process, ultrathin films of down to 10 nm were 

obtained. In order to acquire even thinner films, thicker 

MgB2 films of 40 nm have been grown, which were 

subsequently milled down to the desired thickness using an 

IntlVAC Ar ion milling system. The films were milled at an 

angle of 45°, resulting in homogenous ultrathin films with a 

low surface roughness. 

MgB2 can successfully be grown on a variety of substrates 

[18]. In order to achieve high quality c-axis oriented 

epitaxial films, the choice of substrates is limited to single 

crystal (0001) Al2O3, (111) MgO, and (0001) SiC. Out of 

these options, (0001) SiC remains the most favorable 

substrate for HPCVD MgB2 films. Since SiC offers the 

highest intrinsic stress amongst the three listed substrates, it 

results in the highest achievable Tc. It has been shown 

recently that SiC also exhibits THz transmission up to 

2.5 THz [19], which is beneficial for HEB mixers. 

Semi-insulating SiC substrates have therefore been used for 

this study. 

The transport properties of the fabricated MgB2 films 

were characterized by four-point measurements according to 

van der Pauw [20]. Surface analysis was done using a FEI 

Quanta 450FEG scanning electron microscope (SEM). 

Thickness measurements were carried out with a Dektak 

profilometer and a Veeco atomic force microscope (AFM). 

 

Fig. 1: A 10 nm thick MgB2 film (a) grown under regular deposition 

conditions and (b) thinned down from a 100 nm film using ion milling. 

RESULTS AND DISCUSSION 

The SEM images of a regularly grown 10 nm MgB2 film 

and an ion milled 10 nm film are shown in Fig.1. It is clearly 

visible that a directly grown film exhibits a higher 

granularity while a film obtained through ion milling of a 

much thicker MgB2 film shows a more uniform coverage 

with larger, interconnected islands. AFM analysis of the 

grown 10 nm film showed a root-mean-squared roughness 

Rq of 3-4 nm, while the ion milled film results in a much 

smoother surface with an Rq of below 2 nm. The surface 

morphology of the ion milled films could be more beneficial 

for the use in HEB mixers as it might allow for a more even 

phonon cooling due to a uniform thickness and less grain 

boundaries being present. It has been recently shown that the 

regularly grown films still perform well when employed in a 

HEB mixer [19, 21] and it was possible to achieve IF 

bandwidths of more than 8 GHz at 25K. These films, 

however, display vortex pinning at increased magnetic 
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fields,which is most likely a result of the defects due to the 

highly granular structure of the film [22]. It is unclear at this 

point how the defects affect the HEB mixer performance, yet 

it is likely that the vortex pinning could be omitted in ion 

milled films due to their larger grain sizes. 

 
Figure 2: Resistivity vs. temperature for films directly grown with HPCVD 

and films fabricated by ion milling a 40 nm film down to the indicated 

thickness. 

Fig. 2 shows a resistivity vs. temperature curve of various 

MgB2 films either grown directly or milled from a thicker 

film. A drop in Tc can be observed for all films with 

decreasing thickness, independent from the fact if they were 

directly grown or ion milled. It is evident that the critical 

temperature of ion milled films is not as much affected by 

the film thickness as it is for directly grown films. The 

critical temperatures of all films are nonetheless well above 

36 K and comparable to bulk value. The achieved critical 

temperatures surpass results obtained by other deposition 

methods in the past [23, 24] and theoretical studies showed 

recently that ultrathin MgB2 films could still exhibit 

superconductivity down to thicknesses as low as 

approximately 1.5 nm [25].  

The residual resistivity increases as well for both 

fabrication processes with decreasing film thickness. The 

increase in residual resistivity is more prominent for the 

directly grown films, which is expected to be a result of a 

disorder-induced suppression of the superconductivity due to 

the presence of pinholes and a predominantly granular 

structure. A similar outcome has been reported elsewhere 

[22, 13]. The change in residual resistivity is partly also a 

result of increased scattering of electrons off the film surface 

and substrate interface since the film thickness of the 

ultrathin films restricts the mean free path of the electrons. 

The ion milled films show a less pronounced increase in 

resistivity which further shows that film resistivity is more 

affected by the granularity of the films rather than its 

thickness.  

While the surface structure and residual resistivity clearly 

show that the ion milled ultrathin films possess improved 

qualities than films directly deposited by HPCVD, it is 

possible that the ion milled films could be damaged to a 

certain point due to being exposed to highly energetic ions 

during the milling process. If this is the case, the current 

results do not present evidence that the film damage has a 

larger impact on the film quality than the granularity 

encountered in the directly grown films.  

 

Fig. 3: I-V curves of an ion milled 6 nm film measured on a 300 µm x 
10 µm micro strip. 

Fig. 3 shows the I-V curves obtained for an ion milled 

6 nm MgB2 film. The I-V characteristics were measured on a 

300 µm x 10 µm large micro strip. From the I-V 

measurements, a critical current density Jc of above 

5x10
6
 A/cm

2
 at 15 K was calculated. The result shows that 

ion milled HPCVD MgB2 films not only exhibit high Tc, but 

also relatively high Jc. The improved characteristics can 

most likely be attributed to better connectivity and therefore 

an increase in the effective cross-sectional area. The 

obtained Jc values are encouraging as they reveal the 

capability to apply high local oscillator power to a MgB2 

based HEB mixer. 

CONCLUSIONS AND FUTURE WORK 

In summary, we have fabricated high quality 

superconducting ultrathin HPCVD MgB2 films followed by 

thinning them down with an Ar ion milling process. In 

comparison to ultrathin films grown using the HPCVD 

process alone, the ion milled films exhibit higher critical 

temperatures and lower residual resistivities. The established 

process not only offers a way to achieve ultrathin MgB2 

films of extremely low thickness for HEB mixers, possibly 

leading to a higher IF bandwidth, but can also potentially be 

used for other applications based on thin superconductors, 

such as superconducting single photon detectors (SSPDs). 

While film thicknesses of down to 6 nm have been 

achieved with this method so far, it should be possible to 

achieve even thinner films. Our future work involves the 

study of ion milled MgB2 films below 6 nm and their 

superconducting properties. 
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Although these ion milled films have not been employed 

in HEB mixers yet, it is expected that they could surpass the 

performance of regularly grown films due to their improved 

characteristics in comparison to ultrathin MgB2 films 

directly grown with HPCVD. 
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Abstract—We report the measurements of near field patterns
for three smooth-walled feedhorns and a conventional corrugated
feedhorn at different wavelengths. We fit the measurement results
into fundamental Gaussian beams. We verify our measurement
method by comparing the corrugated horn result with that
from the theory calculation. The measurement result of the
smooth-walled feedhorns are in good agreement with those from
numerical calculations.

I. INTRODUCTION

Feedhorns are widely used in THz applications for radiation
coupling. The output beampatterns of these feedhorns are
required to be symmetrical in the E- and the H- planes
and have low sidelope levels. A corrugated feedhorn [1] is
the conventional design to achieve these goals. Corrugated
feedhorns can offer highly symmetrical beampatterns over a
very wide bandwidth. However, they are difficulty to make,
especially at high frequencies. In the past decades, in order
to meet the requirement of focal planes with large format of
feedhorn arrays, many alternative feedhorn designs have been
proposed [2], [3], [4]. One design of special interest is the
smooth-walled feedhorns. This class of horn have adiabatic
monotonically increasing profiles from input waveguide to
feedhorn aperture, which allows easy fabrication. The smooth-
walled feedhorns can offer a close performance comparable
to those of the corrugated feedhorns. However, the beams
generated by these feedhorns have not been very well studied
experimentally. In optics design, it is common to characterize
and model the output beam into a fundamental Gaussian beam
mode. In this paper, we show the near field measurement
results for four feedhorns with different designs (see Figure 1),
including a profile horn at 420 GHz (scaled from the design
in [3]), a standard corrugated horn at 232 GHz and two
smooth-walled feedhorns at 92.5 and 38 GHz (from the design
described in [4]). Among them, the 232 GHz corrugated horn
was used as a standard to verify our measurement. We fit
the measured beampatterns to obtain the parameters for the
fundamental Gaussian beam and compare them with the results
from numerical calculations.

II. NEAR FIELD MEASUREMENT SETUP

Our measurement setup varies a little depending on the mea-
surement frequency. Figure 2 shows the block diagram of the
setup for measuring the 92.5 GHz feedhorn. A Gunn oscillator,
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Fig. 1. Profiles of the feedhorns that are measured in this paper. They are
smooth-walled feedhorns [4] at 38 and 92.5 GHz (shown in red and green
color), a conventional corrugated horn at 232 GHz (blue) and a spline horn
[3] at 420 GHz (black).

an isolator, a coupler and the feedhorn to be measured are
mounted on the left side in the transmitter assembly. The Gunn
oscillator is phase-locked to a reference signal. The receiver
assembly on the right, shown in the blue box is mounted on
an X-Y translation stage. It consists of a waveguide probe,
a waveguide variable attenuator and a harmonic mixer. The
IF signal from the harmonic mixer is amplified, filtered and
passed to a vector voltmeter. The transmitter and receiver
assemblies are masked by microwave absorber sheets, except
for the openings of the feedhorn and waveguide probe.

The setups for measuring the other feedhorns are similar
to the setup described above, except for the changes in the
sources and LOs. The measurement parameters for all the
feedhorns are listed in Table I. The distances from the feedhorn
apertures to scan planes (defined by the tip of waveguide
probe) and the sizes of the scan plane are chosen to make
sure that we can measure the main beam down to <-30 dB
level except for the 420 GHz horn (down to ≈-20 dB level).
The scan resolutions are generally smaller than the sizes of
the waveguide probes. Additional reference measurements are
taken during the scan to ensure good data quality. As a result,
we find that the measurement is very stable for both amplitude
and phase [5].

III. MEASUREMENT RESULTS

Figure 3 shows the 2-dimension amplitude beampatterns
from our measurements. They are normalized to 0 dB in the
center and with the contour steps of 5 dB. The dynamics
range are greater than 30 dB except for the 420 GHz feedhorn.
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Fig. 2. Schematic of measurement setup for 92.5 GHz horn. The transmitter
on the left side has a Gunn oscillator, an isolator, a coupler and the feedhorn
to be measured. The Gunn oscillator is phase-locked to a reference signal.
The receiver shown in the blue box is mounted on an X-Y translation stage.
It consists of a waveguide probe, a variable attenuator and a harmonic mixer.
The IF signal is amplified, filtered and passed to a vector voltmeter.

TABLE I
FEEDHORN MEASUREMENT PARAMETERS

Freq Scan Dist Scan Res Scan size Dynamic range
(GHz) (mm) (mm) (mm × mm) (dB)

38.0 105.8 3.0 138 × 138 >30
92.5 31.8 2.0 60 × 60 >30
232.0 22.0 1.0 34 × 34 >30
420.0 28.8 0.5 20 × 20 ≈20

The complex beampatterns are fit into a fundamental Gaussian
beam mode [6]

Φ(x, y) =

(
2

πω2

)0.5

exp
(
−x2 + y2

ω2

)
×exp

[
2πj

λ

(
x2 + y2

2R
+ δxx+ δyy

)]
,

(1)

where x = X −Xc and y = Y − Yc are the coordinates from
the center of the beampattern (Xc, Yc). ω is the beam radius,
R is the radius of curvature of wave front and δx and δy are
the tilt angles of the beam with respect to the normal of scan
plane. By maximizing the power coupling coefficient to this
fundamental Gaussian beam (see the last column of Table II),
we obtain the best fit value for the parameters of Xc, Yc, ω,
R, δx and δy . From these we can derive the beamwaist and
its location inside the feedhorn by considering the relations
between the different parameters of the fundamental Gaussian
mode

ω0 =
ω[

1 +
(
πω2

λR

)2]0.5 ,
z = d+ z0 =

R

1 +
(

λR
πω2

)2 , (2)

where ω0 is the feedhorn beamwaist, z is the propagation
distance from beamwaist to scan plane, d is the distance from
feedhorn aperture to scan plane (see the ”Scan Dist” column in
Table I) and z0 is the beamwaist offset form feedhorn aperture.

To verify our measurement results, We use the conven-
tional method to calculate the theoretical value of 232 GHz
corrugated feedhorn beamwaist and its offset (ω′

0 and z′0).
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Fig. 3. 2-D amplitude beampatterns from the near field beam measurement.
The distances in the titles are from scanning planes to feedhorn apertures.
The intensity in the center of plots are normalized to 0 dB. The contours are
in 5 dB steps.

TABLE II
FEEDHORN MEASUREMENT DATA FIT RESULTS

Freq ω′
0 ω0 Z′

0 Z0 Coupling
- calc meas calc meas to Gaussian

(GHz) (mm) (mm) (mm) (mm) (%)

38.0 9.41 9.52 38.70 39.27 96.09
92.5 3.08 3.27 9.36 10.76 95.85
232.0 3.22 3.32 18.87 19.50 98.38
420.0 1.18 1.14 6.73 5.90 97.49

We assume that the beamsize at its aperture is ω = 0.644a,
where a is the radius of feedhorn aperture [6]. After that,
we calculate ω′

0 and z′0 using Equation 2, with d = 0. For
the other feedhorns, we calculated the electric field at the
horn aperture using numerical calculation described in [4] and
fit the electric field distribution at the horn aperture into a
fundamental Gaussian beam. We obtain a set of beamwaist
and offset (ω′

0 and z′0) by inverting the propagation of this
Gaussian beam.

Table II lists the theoretical values and the values derived
from the near field measurements for both the size of the
beamwaist and its location relative the horn aperture. The good
agreement between the theoretical and measure results of the
232 GHz horn verifies that the near field measurement method
is a good way to obtain the beam properties for feedhorns. The
coupling coefficients of the measured beam to the fundamental
Gaussian mode are > 95% for the smooth-walled feedhorns.
This demonstrated that a fundamental Gaussian beam mode
is a good approximation to the beam generated by a smooth-
walled feedhorn.
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IV. CONCLUSION

We propose an experimental method to characterize the
property of a fundamental Gaussian beam generated by various
feedhorns in different designs and different wavebands. Our
results are in good agreement with the numerical calculation
results.

ACKNOWLEDGMENT

The authors would like to thank Charles Bennett, Gene
Lauria and Daniel Marrone for providing feedhorns for mea-
surement, thank Scott Paine for useful discussions.

REFERENCES

[1] Clarricoats P. and Olver A., Corrugated Horns for Microwave Antennas.
Peter Peregrius, Ltd. (1984)

[2] Neilson J., IEEE Transactions on Antennas and Propagation, 50:1077-
1081. (2002)

[3] Granet C., James G., Bolton R., and Moorey G., IEEE Transactions on
Antennas and Propagation, 52:848-854. (2004)

[4] Zeng L., Bennett C., Chuss, D. and Wallack E., IEEE Transactions on
Antennas and Propagation, 58:1383. (2010)

[5] Tong C., Meledin D., Marrone D., Paine S., Gibson H. and Blundell R.,
IEEE Microwave and Wireless Components Letters, 6:1531. (2003)

[6] Goldsmith P., Quasioptical System, New York: IEEE Press. (1998)

P-44P-4426TH INTERNATIONAL SYMPOSIUM ON SPACE TERAHERTZ TECHNOLOGY, CAMBRIDGE, MA, 16-18 MARCH, 2015



A Wideband Edge-Mode Isolator for Cryogenic
Operation

Lingzhen Zeng∗†, C. Edward Tong∗, Raymond Blundell∗ and Robert S. Kimberk∗
∗Smithsonian Astrophysical Observatory, 60 Garden St, Cambridge MA, USA

†Contact: lingzhen.zeng@cfa.harvard.edu, phone +1 617 496 7636

Abstract—Wideband isolators are essential for many low noise
receivers and readout systems. We report on the design of a
cryogenic edge-mode isolator. It is optimized for operating over
the frequency range from 5 to 18 GHz at a cryogenic temperature
of 4 K. The insertion loss of our prototype isolator is measured
to be <-2dB and the isolation is better than -20 dB across the
band.

I. INTRODUCTION

Detectors and mixers generally have an output impedance
that is different to the input impedance of the Low Noise Am-
plifier (LNA) that typically follows in low-noise applications.
Some detectors may also exhibit negative different resistance.
To stabilize the receiving system, isolators are often inserted
between detectors and LNAs to reduce the reflection caused by
the impedance mismatch. This is particularly important for SIS
mixers with wide IF bandwith. Standard Y-junction isolators
offer only about an octave of useful bandwidth, and are
not well-suited for wide-band applications. Here we describe
the design and performance of a cryogenically-coolable, field
displacement isolator, also known as the edge-mode isolator,
which offer much wider bandwith performance.

When electromagnetic waves propagate along a stripline
supported on a ferrite substrate with magnetic field bias ap-
plied perpendicularly to the ground plate, the electromagnetic
field is displaced in a transversal direction and becomes
concentrated along one edge of the stripline. This mode of
electromagnetic propagation is called the edge mode. By
adding an asymmetrical load on the edges of the stripline, the
propagation of the electromagnetic wave becomes nonrecipro-
cal. Hines [1] first analyzed this edge mode and applied the
principle of nonreciprocal propagation to design a wideband
isolator. In his design, the incident electromagnetic wave
propagates along one edge of the stripline while the reverse
wave is displaced to the other edge and absorbed by a lossy
material. This design has been improved through a number
of further studies [2]– [5]. The operational bandwidths of
these designs are about two octaves. For an isolator with a
lower band edge at 4 GHz, the upper band edge falls typically
between 12 and 14 GHz. Across this bandwith, the insertion
loss generally varies between 1 and 2 dB and the isolation is
∼ 20 dB. An advanced design of this type of isolator operates
over 4 – 14 GHz and is currently in use in receivers in use
at the SMA [6]. A number of ALMA receivers use a similar
isolator which operates over the 4 – 12 GHz frequency range.

Fig. 1. 3-D view of edge-mode cryogenic isolator. A copper strip is
sandwiched between ferrite substrates. The incident wave travels along the
long edge of the trapezoid. The other edge is loaded with lossy electrical
material to absorb the reverse wave.

Here we describe a cryogenic isolator design which offers
a wider useful bandwidth. Operating at a physical temperature
of 4 K, this isolator has a measured insertion loss better than
-2 dB and an isolation in excess of 20 dB.

II. CRYOGENIC ISOLATOR DESIGN

Figure 1 shows the model our prototype cryogenic isolator.
Referring to the figure, a standard 50 Ω stripline is used to
match the input impedance of the connectors (not shown in
the figure) at either end of the ferrite substrate. One edge of
the stripline remains parallel to the connectors and the other
edge is tapered and loaded with a lossy material. The ferrite
sandwich is placed between two parallel steel ground planes,
and a constant magnetic bias is applied in the perpendicular
direction. This enables the incident wave to propagate in the
edge mode along the straight edge of the stripline, and the
reverse wave is absorbed in the lossy material.

In this design, the internal magnetic fields in the ferrite are
reduced by the saturation magnetization of the ferrite material,
that is

Hi =

{
0 if (Hext ≤ 4πMs)

Hext − 4πMs if (Hext > 4πMs),

where Hi is the internal magnetic field, Hext is the external
DC bias field and 4πMs is the saturation magnetization of
the ferrite. In order to avoid DC field loss at low frequen-
cies the external magnetic bias has to be relatively weak
(Hext/(4πMs) < 1.5) since low-loss operation is possible for
frequencies above 2γM/3 [3], where γ is the gyromagnetic
ratio. We use the TTVG-1100 narrow linewidth ferrite material
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TABLE I
FERRITE SPECIFICATION

Saturation magnetization 4πMs = 1100 Gauss
Dielectric constant ϵf = 14.1

Dielectric loss tangent tgδ < 0.0002
Gyromagnetic ratio γ ≃ 2.8 MHz/Oe
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Fig. 2. S parameters of cryogenic isolator. The dash plots are the simulation
result for room temperature. The solid plots are the result measured at 4 K,
showing a wideband performance from 5 GHz to 18 GHz.

from Trans-Tech, Inc. It has a gyromagnetic ratio of γ ≃
2.8 MHz/Oe and 4πMs = 1100 Gauss. The specification of
this ferrite is listed in Table I. In our initial experiments, we
determined that the saturation magnetization of this material
increases by a factor of 2.5 when cooled down to 4 K
from room temperature. Our low frequency limit for low loss
performance is about 2.5× 2γM/3 ≈ 5.0 GHz at 4 K.

III. ISOLATOR MEASUREMENT

The performance of the isolator was measured at 4 K
using a closed-cycle cryocooler and an Agilent Technologies

PNA N5224A network analyzer. System gain calibration was
referred to the ports of the isolator by using a dummy set of
SMA semi-rigid cables of equal length to those connected
to the isolator. The simulated (dash plots) and measured
(solid plots) input loss, input match, and isolation of our
prototype isolator are shown in Figure 2. The simulation result
is under room temperature, while the measurement is at 4 K
temperature. The plots shift towards higher frequency during
cool down. Both isolation and insertion loss are improved
when measured at cryogenic temperature. Referring to the
figure, with an input loss better than -2 dB, an input match in
excess of -15 dB, and an isolation in excess of - 20 dB across
the 5 - 18 GHz frequency range, this type of isolator is clearly
suitable for numerous low noise receiver applications.

IV. CONCLUSION

We have proposed and developed a cryogenic wideband
edge-mode isolator with excellent performance across the
frequency range 5 - 18 GHz. The measured performance of
the isolator agrees well with theoretical model predictions
and represents the state of the art for low-loss, cryogenic
applications.
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Abstract—We report on the performance of superconducting Ti 
transition edge sensors (TES) with different microbridge length 
varying from 1m to 2.7m. The TES devices are based on thin 
Ti film, evaporated on a high-resistivity silicon substrate. The 
current-voltage characteristics are measured at different bath 
temperatures using commercial SQUID amplifiers, from which 
the thermal conductance (G) is obtained. We also measure the 
current noise at different bias voltages. The obtained electrical 
noise equivalent power (NEP) from its calculated current 
responsivity and measured current noise is about 5x10-17W/√Hz, 
which is low enough for ground-based terahertz superconducting 
imaging array (TeSIA), aiming at Dome A, Antarctica.  

I. INTRODUCTION 

HE far-infrared/sub-millimeter band contains a wealth 
of information about the cold universe. Observations of 
gas and dust can probe the earliest stages in the formation 

of galaxies, stars and planets. For example, SCUBA-2, 
containing 10,000 superconducting transition-edge sensors 
(TESes), has been mounted on the James Clerk Maxwell 
Telescope (JCMT) and continuously carries out astronomical 
observations [1]. POLARBEAR [2] and ACTPol [3] are 
devoted to directly measure the gravitational lensing in the 
polarization of the Cosmic Microwave Background. In China, 
Purple Mountain Observatory is leading the efforts on a 5-m 
THz telescope (DATE5) [4] to be constructed at Dome A, the 
highest point on the Antarctic plateau at an elevation of 4100 
m. The atmospheric transmission above Dome A is 80% at
661 GHz during the Austral winter, corresponding to a 
perceptible water vapour column of 0.1 mm. Dome A has 
been confirmed to be an ideal site on earth for terahertz 
astronomy with a Fourier transform spectrometer [5]. The first 
generation instrument of DATE5 is a highly sensitive 
heterodyne receiver at 200 m and 350 m. Its next 
generation will be a direct detector array with background 
limited sensitivity, i.e. noise equivalent power (NEP) ~10-16 
W/√Hz. We are currently developing a terahertz 
superconducting imaging array (TeSIA) for DATE5 at 350 m, 

and TESes are one potential detector candidate. 
Superconducting Ti bolometric detectors with a critical 
temperature of ~500mK are of particular interest because of 
simple structure and high sensitivity [6]. Here we present the 
details of the detector fabrication and electrical 
characterization. 

II. SUPERCONDUCTING TESES AND MEASUREMENT SETUP

Our superconducting TES devices are based on a Ti film, 
which is evaporated on a 400m high-resistivity Si substrate. 
The micro-bridge is patterned by optical lithography. RF 
cleaning is used to remove the TiOx on the surface of Ti film 
before deposition of the 150 nm thick Nb contacts. It should 
be noted that we don’t back etch the support Si substrate under 
the Ti microbridge, therefore the heat can be relaxed by 
electron diffusion and electron-phonon interaction. Fig.1 
shows the Ti TES devices with 1m (a) and 2.7m (b) 
microbridge length, respectively. The contact pads with large 
area are designed to reduce the contact resistance. As 
exhibited in Fig. 1c, Ti Film on Si substrate is about 38 nm 
thick, and there is a natively oxidized layer on the surface of 
the Si substrate [7]. Within the microbrige region, there is a 
white layer with a thickness of 32 nm between Si substrate and 
Ti film, which might be formed during the etch process of Nb. 
The Ti TES device parameters are listed in Table 1. RN is the 
normal resistance of Ti TES devices.   

T 

Table1 Parameters of Ti TES devices 
Device Substrate LengthxWidth 

(m x m) 
Thickness
(nn) 

RN 
)

1 Si 1.2x1.0 37.5 18 

2 Si 2.7x1.4 37.5 54 
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The Ti TES devices are tested using an Oxford Triton 400 
dilution cooler [8] that is able to cool the device down to 20 
mK. The Ti TES devices are glued to the copper holder with 
VGE-7031 vanish. The constant voltage is realized by using a 
0.68 resistor (RSH) in parallel with the Ti TES device, which 
is then connected to the input coil of a Magnicon single-stage 
SQUID [9] via twisted superconducting wires. The input 
inductance of the SQUID is 150 nH, and its current noise 
contribution is about 1pA/Hz0.5. The TES current is read out 
by the SQUID with a closed flux locked loop. 

III. CURRENT-VOLTAGE CHARACTERISTICS

We have measured the current-voltage characteristics of the 
Ti TES device with 2.7m long microbridge while changing 
the bath temperature from 20 mK to 500 mK. The TES current 
(ITES) can be directly calculated from the output voltage with 
the SQUID amplifier gain. RN and parasitic resistance (RPAR) 
are determined from its normal and superconducting branches 
from the measured I-V curves, respectively. Then the TES 
voltage (VTES) is calculated using the Thevenin equivalent 
circuit model [10] and plotted in Fig. 2. As shown in Fig.3a, 
the DC power in the transition increases with bias voltage due 
to the fact that the underneath Si substrate is not etched. We 
choose the data points of the Ti TES device at 20  and 40 , 
corresponding to 40%RN and 80%RN, respectively, and plot 
the power level as a function of bath temperature (see Fig.3b).  

The heat flow equation for the Ti TES device can be written 
as [10]: 

)( nn
cDC bath

TTKP  ,     (1) 

where PDC is the DC bias power applied to the TES device, K 
is a constant that depends on the geometry and material 
properties of the supporting structure, and n is the thermal-
conductance exponent, which depends on the dominant 
thermal transport mechanism. We can fit Eq. (1) to the 
measured data to find K, n and Tc. For this device the best fits 
are obtained using n=5 and Tc=470 mK, which is consistent 
with that found in [11]. Thermal conductance (G) between the 
TES device and the substrate can be easily obtained as 
G=nKTc

n-1=319 pW/K and 400 pW/K for 40%RN and 80%RN, 
respectively. 

The fundamental phonon noise determined NEP can be 
calculated from the obtained thermal conductance as 
NEPphonon= (2kBT2G)0.5 =4.4~4.9x10-17 W/√Hz, where kB is the 
Boltzmann constant. 

IV. CURRENT NOISE

Fig. 4a shows the measured current noise spectra at 
different bias voltages in the transition at the bath temperature 
of 410 mK. The spikes in the spectra are due to the 
electromagnetic interference from the 50-Hz power line, 
which can be further shielded. The current noise spectra are 
relative high at lower frequencies due to the mechanical 
vibration and temperature fluctuation of the pulse-tube 
refrigerator. Therefore we choose the current noise at 10 kHz 
and plot it as a function of bias voltage in Fig. 4b. At large 
bias voltage, the current noise is reduced at frequencies 
beyond 1 kHz since Ti TES device enters normal state. 
However it is still higher than the current noise contribution of 
SQUID, indicating that there are some excess noises, which is 
still not unclear. Dividing the measured current noise by the 
current responsivity (SI) yields the electrical NEP at each 
operating point. The current responsivity at low frequency can 
be simply written as SI=1/ITES(RTES-RL), where RTES is the DC 
resistance of the TES device, and RL is the load resistance in 

(a)    (b) 

(c) 

Fig.1 SEM photos of superconducting Ti transition edge sensors with 
microbridge dimension of 1m x 1m (a) and 2.7m x 1.4 m (b). (c) 
TEM image of Ti TES device with 2.7m long microbridge length, which 
shows the Si substrate and 38 nm thick Ti microbridge. There is a 32 nm 
thick white layer between Si substrate and Ti film in the microbridge 
region. 

0 20 40 60
0

1

2

3
 495mK
 450mK
 410mK
 385mK
 316mK
 265mK
 24mK

I T
E

S(
A

)

V
TES

(V)

R
N
=50

Fig.2 Current-voltage curves of the NbSi TES device at different bath 
temperatures. VTES and ITES are the voltage and current of the NbSi TES.  
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all bias points within the transition is ~5x10-17 W/√Hz, which 
is close to NEPphonon.  

V. CONCLUSIONS 

We are measuring the other Ti TES device with shorter 
microbridge length, and its NEP should be smaller since the 
NEP scales as the square root of microbridge volume [12]. 
Furthermore we are going to measure the complex impedance, 
and the response time will be obtained. 

In conclusion, we have tested the electrical performance of 
a superconducting Ti TES for TeSIA. The thermal 
conductance extracted from the measured I-V characteristics 
at different bath temperatures is 300~400 pW/K, which 
corresponds to a phonon noise dominated NEP of 4.4~4.9x10-

17 W/√Hz. Our noise measurement shows an electrical NEP of 
about 5x10-17 W/√Hz, which is close to the phonon noise 
dominated NEP. A large TES array with background limited 
sensitivity is suitable for ground-based application at Dome A, 

 the bias circuit (RSH+RPAR) [10]. The average electrical NEP at Antarctica. 
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Fig. 3 (a) DC power of the Ti TES device as a function of bias voltage. The 
black and red lines show the DC power of 20 and 40 resistors at constant 
voltage. (b) Power level of the Ti TES device in the transition as a function 
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Abstract— The Stratospheric Observatory for Infrared 

Astronomy (SOFIA) is a 2.5-meter infrared airborne telescope in 

a Boeing 747SP that operates in the stratosphere at altitudes as 

high as 45,000 feet (14 km). A joint project of NASA and the 

German Aerospace Center (DLR), SOFIA can conduct 

photometric, spectroscopic, and imaging observations at 

wavelengths from 0.3 μm to 1.6 mm (0.2 – 1000 THz) with an 

average atmospheric transmission greater than 80 percent across 

that range. The first- and second-generation instruments span 

the range from 0.3 to 240 μm (1.3 – 1000 THz) and utilize 

detector technologies including impurity band conduction (InSb, 

SiAs, SiSb), GeGa arrays, superconducting bolometers, and SIS 

junctions. Here we highlight the capabilities of this current 

instrument suite.  SOFIA's ability to regularly update its 

instrument complement over its 20-year lifetime will allow for the 

incorporation of new state-of-the-art technologies in an effort to 

increase sensitivity and explore as yet unasked astrophysical 

questions. NASA plans to solicit proposals for new, 3rd-generation 

instruments in calendar year 2015 (solicitation number 

NNH15ZDA007J). 
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