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The 2020 31st IEEE International Symposium on Space Terahertz Technology 
(ISSTT 2020) took place in Tempe, Arizona, USA on March 8-11, 2020. It was 
held on the grounds of Arizona State University and organized by the local 
committee consisting of engineers and scientists from ASU. 

Held just before COVID-19 began to severely restrict travel to and from the 
USA, attendance at this conference was impacted. But nonetheless, the 
conference successfully and safely hosted 88 registered participants from 8 
countries, with 80 papers spread over 8 oral sessions and 1 poster session 
presented. The option to both present papers and attend the conference 
remotely by zoom was available to all who could not attend in person. Of all 
the papers, four invited talks were given by prominent scientists, with some of 
them leading new large missions. The Symposium presentations covered a 
broad range of topics including instruments, receivers, THz mixers and local 
oscillators, large detector array, optics, calibration techniques, and some new 
ideas related to device physics. A full symposium agenda and list of 
presentations can be found at the Symposium website: http://
www.isstt2020.com. 
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NOTES: 

  

The Gal/Xgal Ultra-Long Duration Balloon-borne 
Spectroscopic THz Observatory (GUSTO) will 
dramatically improve our understanding of the Universe by 
probing the topology and ecology of interstellar gas 
throughout the Milky Way and nearby galaxies. GUSTO is 
a balloon-borne, 0.9 m Cassegrain telescope with cryogenic 
heterodyne array receivers designed to stay aloft for 100 
days or more. During this time GUSTO will survey 124 
square degrees of the Milky Way and all of the Large 
Magellanic Cloud (LMC) in three important interstellar 
lines: [CII], [OI], and [NII] at 158, 63, and 205 µm, 
respectively. GUSTO will map the structure, dynamics, 
energy balance, pressure, and evolution of the Interstellar 
Medium within the Milky Way and LMC. GUSTO is an 
Explorer Mission of Opportunity. The mission will utilize 
the 100+ day flight potential of the Super Pressure Balloon, 
also known as the Ultra Long Duration Balloon (ULDB), 
provided by NASA’s Balloon Program Office. GUSTO 
features a proven measurement approach, a high-heritage 
payload, and a simple, repeatable observing strategy that, 
combined with the ultra-long duration capability of the 
SPB, enables these important new galactic/extragalactic 
observations at a fraction of the cost of a comparable orbital 
mission 
 

 
1 Steward Observatory, 933 N. Cherry Ave., University of Arizona, 

Tucson AZ 85721 USA. 

2 Jet Propulsion Laboratory, 4800 Oak Grove Dr., Pasadena CA 91109 

The Gal/Xgal Ultra-Long Duration Balloon-borne Spectroscopic THz 
Observatory (GUSTO) 

C. K. Walker1, C. A. Kulesa1, Paul Goldsmith2, and the GUSTO Team 

 
GUSTO ballooncraft and payload include a 0.9 m 
telescope, cryogenic THz receivers, and a gyro 
stabilized pointing system to provide an unparalleled 
galactic-extragalactic survey capability. 



NOTES: 

This abstract discusses a compact and low-power 183 GHz   

heterodyne spectrometer instrument that is almost entirely 

implemented in CMOS technology except for a single InP 

preamplifier MMIC. The 1.1W and 0.5 Kg spectrometer 

system is intended for both Earth and planetary science 

applications enabling limb-sounding of H2O from compact 

CubeSat and SmallSat platforms.  

 

The spectrometer’s RF front-end employs an 28nm system-

on-chip (SoC) device containing a 183 GHz receiver, 

integrated 183 GHz phase-locked loop to provide the LO, 

integrated IF amplification and an integrated digital 

processor connected to many sensors and tuning knobs 

(bias and varactors) for calibration purposes. External to the 

receiver SoC a single 35nm InP MMIC low-noise amplifier 

(LNA) is placed in front of the CMOS receiver to maintain 

reasonable receiver noise temperatures. Tsys of the CMOS 

receiver alone is above 2000K while Tsys with the InP 

amplifier is on the order of 500K when operated at room 

temperature. A second 65nm CMOS chip provides the 

back-end processing for the spectrometer instrument. This 

chip contains a high-speed 3b analog-to-digital converter 

(ADC) and a 4096-channel wideband FFT processor, and 

SRAM based accumulator along with several sub-

processors that perform analog calibration and timing 

adjustment tasks on the ADC. The chip also contains a 

USB2.0 interface allowing it to directly interface with a PC 

or spacecraft computer.  While the ADC is capable of 

operation up to 6 GS/s it was operated at 1.5 GS/s in this 

instrument as the CMOS receiver’s integrated IF only 

offers 750 MHz of bandwidth. 

 

The full CMOS spectrometer instrument was integrated into 

the payload of a small hand-launched high-altitude 

ballooncraft called the “Reck-Tang Limb-sounding 

Experiment” (ReckTangLE) which was launched on Oct 17 

2019 and performed several spectroscopic soundings of 

H2O in the upper stratosphere over the southwestern United 

States. 

 

 
 

 
1Jet Propulsion Laboratory, Pasadena California 2Electrical and Computer 

Engineering, University of California Los Angeles 3 Virginia Diodes Inc. 4 

Naval Research Laboratory. 
 

 
Fig. 1.  Overview of the 183 GHz almost all-CMOS spectrometer 

instrument and integration on board a ballooncraft. 
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NOTES: 

 Understanding the formation and evolution of galaxies over 
cosmic time is one of the foremost goals of astrophysics 
and cosmology today. The cosmic star formation rate has 
undergone a dramatic evolution over the course of the last 
14 billion years, and dust obscured star forming galaxies 
(DSFGs) are a crucial component of this evolution. A 
variety of important, bright, and unextincted diagnostic 
lines are present in the far-infrared (FIR) which can provide 
crucial insight into the physical conditions of galaxy 
evolution, including the instantaneous star formation rate, 
the effect of AGN feedback on star formation, the mass 
function of the stars, metallicities, and the spectrum of their 
ionizing radiation. 
TIM, the Terahertz Intensity Mapper, is a NASA balloon 
mission that will observe the universe in the crucial gap 
between the spectroscopic coverage of the Atacama Large 
 

1 NASA Jet Propulsion Laboratory, Pasadena, CA 91109 USA 
2 Department of Astronomy, California Institute of Technology, 

Pasadena, CA 91125 USA 
3 Department of Physics and Astronomy, University of Pennsylvania, 

Philadelphia, PA 19104 USA 
4 High-Energy Physics Division, Argonne National Laboratory, 

Argonne, IL 60439 USA 
5 Kavli Institute for Cosmological Physics, University of Chicago, 

Chicago, IL 60637 USA 
6 Department of Astronomy, University of Illinois Urbana-Champaign, 

Urbana IL 61801 USA 
7 School of Earth and Space Exploration, Arizona State University, 

Tempe, AZ 85287 USA 
8 Steward Observatory, University of Arizona, Tucson, AZ 85721 USA 
9 Laboratoire d'astrophysique de Marseille, 13388 Marseille FRANCE 
10 Harvard Smithsonian Center for Astrophysics, Cambridge, MA 

02138 USA 
11 Department of Physics and Astronomy, Johns Hopkins University, 

Baltimore, MD 21218 USA 
12 Department of Astronomy, University of Florida, Gainsville, FL 

32611 USA 
13 Max Planck Institute for Astronomy, 69117 Heidelberg, Germany 
14 Department of Astronomy and Astrophysics, University of Chicago, 

Chicago, IL 60637 USA 
15 Department of Physics and Astronomy, Rutgers University, 

Piscataway, NJ 08854 USA 
16 Intuitive Optical Design Lab LLC, Tucson, AZ, USA 
 

Millimeter/submillimeter Array (ALMA) in the sub/mm, 
and the James Webb Space Telescope (JWST) in the mid-
IR; something which is impossible to from the ground. TIM 
will survey two 0.1 square degree fields centered on 
GOODS-S and the South Pole Telescope (SPT) Deep Field. 
TIM will produce deep maps of the 3D structure of the 
Universe by redshift tomography (''intensity mapping'') 
with [CI], and [CII] X [NII] cross-spectra, to constrain the 
cosmic star formation history at cosmic noon. In addition, it 
is expected to achieve spectroscopic line detections of ~100 
galaxies in the atomic fine structure lines of C, N, and O, as 
well as establish mean galaxy properties such as star 
formation rate, metallicity and AGN content, using a 
stacking analysis of known sources and the wealth of 
ancillary data available in the GOODS-S and SPT Deep 
Field. 
To achieve these science goals, TIM will fly two longslit  
(1 degree slit length) grating spectrometers, which cover the 
240-317 um and 317-420 um wavelength bands at R~250. 
Each of these spectrometers is serviced by a ~4000 pixel 
array of horn-coupled kinetic inductance detectors (KIDs). 
The KIDs, lumped-element resonator of superconducting 
Al, are designed to achieve a photon noise limited 
performance at 100 fW of loading with an absorption 
efficiency of >80%. They will be read out using an RFSoC 
based readout system. 
The TIM gondola and cryogenics will be based upon 
proved BLAST hardware. However, a new 2-meter low-
emissivity high-throughput carbon fiber telescope will be 
used to achieve maximum mapping speed.  
The in-flight demonstration of both the high-sensitivity and 
scalable KID arrays as well as the low-emissivity high-
throughput mirror are key technical milestones to future 
space-borne instrumentation such as the Origins Space 
Telescope (OST, formerly the Far-IR Surveyor) or Probe 
mission. 
We will present the design of these key components for 
TIM as well as summarize the planned route for 
experimental development and testing, which will conclude 
with a launch from Antarctica in 2024. 
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NOTES: 

  

The BLAST-TNG experiment consists of a 2.5 meter 
Cassegrain telescope that feeds a cryogenic three-color 
submm imaging polarimeter [1],[2]. The receiver contains 
three arrays of superconducting kinetic inductance detectors 
(figure 1) observing in photometric bands centered at 
wavelengths of 250, 350 and 500 µm. The detectors are 
coupled to circular waveguides that feed profiled horn 
antennas. Each horn couples to two detectors designed to 
absorb radiation in orthogonal polarizations.  

 

 
Fig. 1.  The three arrays of kinetic inductance detectors in the 

BLAST-TNG receiver. 
 
The readout electronics consisted of 5 ROACH2 FPGA 

boards with ADC/DAC boards from Techne Instruments. 
The electronics are custom modified for the balloon 
environment by the use of heat pipes to cool the FPGA chips 
and microprocessors [3]. 

BLAST-TNG had a stratospheric flight from Antartica in 
January, 2020. During the line of sight period of operation, 
we performed diagnostics of the receiver. We were able to 
read out approximately 3000 detectors over the three arrays. 
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Fig. 2.  BLAST-TNG ready for launch. 
 
The readout electronics worked well in flight and we 

monitored the temperature at float. We will report on the 
results of the receiver calibration from flight skydips and 
observations of bright submillimeter sources. 
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NOTES: 

  

The Astrophysics Stratospheric Telescope for High-

spectral Resolution Observations at Submillimeter-

wavelengths, ASTHROS, is a 2.5-m (SOFIA-like size) 

balloon-borne observatory that will make the first detailed 

spectrally-resolved high spatial resolution 3D map of ionized 

gas in Galactic and extragalactic star forming regions via 

simultaneous observations of the 122µm (2.459 THz) & 

205µm (1.461 THz) fine structure lines of ionized nitrogen.  

  

ASTHROS builds on the success of heterodyne 

instruments on Herschel and SOFIA, providing a low-risk 

low-cost stepping stone for future heterodyne missions. A 

21-day Antarctic flight in 2023 will focus on mapping two 

template Galactic star forming regions and the entire disk of 

the M83 barred spiral galaxy at high angular resolution, 

complementing existing datasets from SOFIA, WISE, 

Herschel, Spitzer and HST. ASTHROS will be capable of 

tuning to nearby spectral lines (OH, HDO, HF, HD, CO) for 

Target of Opportunity observations. One compelling target 

is the HD 112µm (2.674 THz) line that traces the gas mass 

in protoplanetary disks. ASTHROS' angular resolution of 

12” at 122 µm  and 20” at 205 µm corresponds to 0.2 pc and 

0.35 pc at 122µm and 205µm, respectively, for a source 4 

kpc from the Sun. This high angular resolution will enable 

us to resolve structures ~750 times smaller than the typical 

size of star forming regions (~150 pc). Combined with large-

scale mapping, we will begin to understand how different 

stellar feedback mechanisms affect ionized gas over a wide 

range of spatial scales in the Milky Way and the M83 galaxy. 

  

ASTHROS payload will consists of a 4-pixel dual band 

cryogenic superconducting heterodyne array camera for 

high-spectral resolution imaging at 1.4-1.5 THz and 2.4-2.7 

THz. The instrument design features a straightforward 

receiver architecture, simple optical layout, and subsystems 

that have high degree of flight heritage, pedigree, and proven 

performance through suborbital and space missions such as 

STO-2 and Herschel. ASTHROS will fly for the first time a 
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4-K class low-power cryocooler and thus will not require 

liquid helium. A cryocooler will enable extended lifetime 

missions, and its use will serve as a pathfinder for future 

NASA missions. 

 

 
Fig. 1.  General overview of the ASTHROS observatory 

capabilities. 

 

We will present the overall mission science objectives and 

requirements, the overall payload architecture and initial 

subsystem designs and tests: telescope and optical 

subsystem, receiver subsystem, local oscillator subsystem, 

and gondola architecture. 
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A THz Space Mission to Probe the Trail of Water 
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We present a concept for a submillimeter spectroscopic mission to probe the trail of water from 
the interstellar medium to habitable planets.  Water is an essential ingredient for life as we know 
it, and understanding how water is transported to planets in forming planetary systems is a 
fundamental question that we need to answer in order to understand how ocean worlds evolve 
throughout the universe.  The water in habitable planets came from the protoplanetary disks out 
of which they formed, but a variety of obstacles make it impossible at the present time to 
determine observationally the distribution of water within such disks.  Thus, we need to trace the 
water trail and understand the dense cores in which water can be formed, and how these regions 
evolve to become disks.  And, we need to understand how the chemistry in disks evolves, and 
how material is transported within a disk, in order to determine the availability of water in 
different regions within them.   

Observing gas-phase water in the local universe requires high spectral resolution because  line 
widths may be less than 1 km/s in comets and dense cloud cores and a resolution of 0.1 km/s is 
compulsory. Thus, to study the water trail we need a heterodyne system, which is cryogenically 
cooled to minimize noise.  To follow the water trail, we can consider a relatively large, ambient 
temperature telescope to maximize sensitivity and angular resolution, coupled to a multiband 
receiver covering key spectral lines of water and its isotopologues.  A large survey of the 
submillimeter transitions of water vapor in conjunction with studies of water ice using JWST and 
SPHEREx will revolutionize our understanding of the role of water, its distribution, and key ISM 
processes.  The required submm observations will not be possible with either the ESA/JAXA 
mission SPICA or the Astro2020 Decadal Study mission Origins Space Telescope (Origins) as 
developed by NASA, which in its current version includes a heterodyne instrument only as a 
possible up-scope option.   

Three attributes for the receiver are: (1) to observe multiple bands simultaneously, (2) to have 
maximum sensitivity, and (3) to have spectral resolution ~0.1 km/s.  The optical system first 
separates two linear polarizations, then separates the bands with frequency selective surfaces, 
and finally images beams coupling to the individual mixer feedhorns. We report on studies of a 
number of designs for a telescope of diameter between 2m and 7m.  To observe lines between 
500 GHz and 1200 GHz requires a surface accuracy of 13 microns rms or better.  A number of 
advances have improved the ability to observe water in a wide range of sources including dense 
cores, protostellar disks, comets, and other minor objects in the solar system.  These include 1) 
improved SIS receiver performance and design relative to what was available for Herschel/HIFI, 
2) frequency-multiplied local oscillator chains that can now readily supply with significant 
tunability, and 3) CMOS ASIC digital spectrometers offer multi-GHz bandwidth per pixel with 
very low power consumption.  These technical developments make a scientifically compelling 
Water Mission feasible and affordable. 



NOTES: 

  

The Space Infrared telescope for Cosmology and 
Astrophysics (SPICA) [1] is a joint space mission (Fig. 1) of 
the European Space Agency (ESA) and the Japanese Space 
Agency (JAXA), currently under study in ESA’s M5 
programme [2,3]. One of the proposed instruments is the 
SAFARI far-IR spectrometer providing low (R » 300) to 
medium (R up to 11000) resolution spectroscopy across 4 
detector bands simultaneously covering the 34-230 µm 
wavelength band. Taking full advantage of a 2.5m cryogenic 
telescope, actively cooled to below 8K, SAFARI will offer 
unprecedented spectroscopic sensitivity closing the gap 
between JWST-MIRI and ALMA. 

 
 
Fig. 1.  The SPICA space observatory (JAXA/ESA/SPICA). 
 
The instrument architecture of SAFARI is based on a 

cryogenic post-dispersed polarizing Martin-Puplett (MP) 
Fourier Transform Spectrometer (FTS) scheme, and 4 low- 
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resolution grating spectrometer modules, employing horn-
coupled TES detector arrays. The Transition-Edge Sensor 
(TES) detectors, cooled to about 50 mK by a Adiabatic 
Demagnetization Refrigerator (ADR) cryocooler, are 
combined with a Frequency Domain Multiplexed (FDM) 
readout system, and yield a detector system NEP of order 
2´10-19 W/ÖHz corresponding to a limiting line flux of about 
5´10-20 W/m2 (5s-1hr). 

In this paper we will provide an overview of the 
instrument design and its current state of development. We 
will present the optical design of the instrument, with a 
particular emphasis on the overall spatial multiplex and band 
division scheme, an 8x folded MP interferometer layout, and 
compact grating spectrometer modules. We also show recent 
results obtained in the key technology areas: the cryogenic 
FTS scan mechanism, the TES + FDM detector system and 
sub-Kelvin cryocooler. We conclude our paper by 
summarizing the expected performance metrics of the 
instrument. 
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Abstract 

In this study we report on the current state-of-progress of the Water Sounding Short-range Radar (WASSR) 

project. WASSR is a frequency modulated continuous wave (FMCW) differential absorption radar (DAR) 

instrument and will facilitate estimation of near-surface water vapor profile on Mars. The scope of the work 

presented here includes a discussion of (i) the science background and motivation for profiling water vapor 

near the Martian surface and (ii)  submillimeter wave radar system  implementation and characterization. 

 

1. Science Background and Motivation 

 

Improved atmospheric modelling and incorporation of additional weather and climate processes into the 

models has resulted in a renewed interest in even the small amount of water vapor found in the Martian 

atmosphere. For instance the incorporation of the tenuous Martian clouds and their heating and cooling 

effects in Mars climate models showed a surprisingly large effect on the atmospheric processes  [1], [2], 

[3].  Furthermore the presence of perchlorate, an extremely hygroscopic salt, as identified first by the wet 

chemistry experiment onboard the Phoenix lander [3] points to interesting water vapor-surface interactions 

that were previously thought to be minor and unimportant. The near-surface water vapor profile estimation 

made possible with the WASSR instrument can thus provide critical measurements that facilitate better 

understanding of  atmospheric water vapor dynamics as well as it’s interaction with the Martian surface. 

  

2. System Implementation and Characterization 

 

The WASSR system is currently being assembled for bench-top testing and algorithm implementation. 

Specifically, the RF back-end components have been procured and a brass-board setup has been constructed 

for FMCW signal generation and characterization. SMMW components such as tripler and  integrated sub-

harmonic mixer and horn, both developed internally at JPL, are being characterized for conversion 

efficiency and noise figure. Results of these characterizations along with achievable water vapor profiling 

sensitivity will be presented and discussed at the ISSTT 2020 meeting. Furthermore, algorithm validation 

using a gas-cell spectrometer-type setup is planned and will be presented as well. This setup is critical for 

a proof-of-concept demonstration of the applicability of the DAR technique for water vapor profiling at 

Mars-like meteorological conditions. 
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NOTES: 

  

Millimetron Space Observatory (MSO) is mission of 
Russian Space Agency devoted to astrophysical observations 
in the far infrared wavelength regime. It is built around a 
space telescope which is based on deployable 10 m diameter 
main reflector. The observatory is planned to be launched in 
the timeframe of 2029. The main working orbit of MSO will 
be a halo around the Sun-Earth Lagranian point L2. This 
orbit has an excellent thermal environment and this allows to 
actively cool main dish to cryogenic temperatures of below 
10 K. Low antenna temperature allows Millimetron mission 
to achieve a very low background limited sensitivity for a 
direct detector based spectrometer type instruments. MSO 
will work in two major regimes: Space-Earth interferometer 
and single dish observatory modes. For the Space-Earth very 
large baseline interferometer (SE-VLBI), Millimetron will 
work together with Earth ground telescopes such as Event 
Hirisont Telescope (EHT) and other millimeter 
submillimeter facilities to achieve extremely high spatial 
resolution images of nearby objects. In order to improve a u-
v coverage of Millimetron SE-VLBI, after operating at the 
L2 orbit, the satellite will be pushed on to highly elongated 
elliptical orbit with perigee and apogee of 10000 km and 
300000 km respectively. Orbit period will be 10 days which, 
in combination with EHT ground based telescopes allows to 
build dynamic images of event horizon shadow of massive 
black holes in the center of our galaxy and other large 
galaxies such as M87. 

The Millimetron antenna has central non-deployable 
mirror of 3 m diameter which consists of 24 panels and 24 
deployable petals each of which has 3 surface panels. Panels 
of the telescope are made from carbon fiber reinforced 
composite material which is formed on top of the highly 
accurate and highly dimensionally stable Astrosital glass 
mould. This technique allows to achieve high panel accuracy 
of order of 4.7 micron RMS surface deviation from an ideal 
parabola, while keeping the specific mass of the antenna 
structure very small 8.5 kg/m2. 

The antenna and instrument compartment is protected 
from Solar infrared radiation by a 5 layer deployable screens 
which allow to minimize the parasitic thermal load on the 
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antenna to the levels of below 100mW at 4 K. This makes it 
feasible to use space qualified closed cycled refrigerators to 
actively cool both the main dish and the instrument 
compartment. 

Antenna panels are mounted on the support structure by 
using actuators. Laser based absolute metrology system will 
be used for the in-flight panel position measurements and 
alignment.  

Millimetron instrumentation will include both heterodyne 
type to support VLBI mode and high resolution spectroscopy 
and both grating and Fourier transform type direct detector 
based spectrometers. Millimetron instruments will cover 
from 40 GHz up to 4.7 THz frequency range. 

In this contribution we will report current status of 
Millimetron mission development and design solutions and 
achieved parameters for main subsystems such as antenna 
structure, antenna alignment system, instrument content, 
thermal system and optics. We also summarize key science 
cases as well as expected on-board instrumentation 
parameters and requirements. 
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Fig. 1. Millimetron Space Observatory in deployed 
configuration . 

 



NOTES: 

 

Over the last decade, Indium Phosphide High Electron 

Mobility Transistors (InP HEMT) technology has pushed to 

increasingly higher operating frequencies.  Significantly, 

room temperature amplification has been demonstrated to 1 

THz, and transistor maximum frequency of oscillation (fMAX) 

has been reported to 1.5 THz [1].   These terahertz transistors 

are fabricated in a monolithic integrated circuit technology.  

Results for amplification have been measured both on-wafer, 

and in split block packages.   

These increases in operating frequency have come 

through transistor gate scaling and optimization.  Described 

in [1], the highest reported InP HEMT node uses a 25 nm 

gate length.   Earlier generations (100 nm) of this technology 

are highly mature, and have been used in space applications 

for many years.  

To date, most application of this technology has focused 

on realizing sensitive receivers.  Significant efforts have 

been made to develop sensitive receivers using this 

technology [2], [3].  InP HEMT receivers have demonstrated 

noise temperatures of 2,000-2,500 K at 670 GHz [2] and 

4,300 K at 850 GHz [3]. Note that these are LNA based front-

ends, and noise temperatures are analogous to mixer single-

sideband noise temperature.    

Less work has been reported on output power or power 

generation efficiencies at these frequencies.  We will 

describe results from 100-1,000 GHz.  Power benchmarks 

will be reported, along with DC efficiencies.  Recent results 

on 330-410 GHz solid state power amplifiers will be reported 

as well.  Output powers of 8-10 mW are obtained from 330-

380 GHz, and 6-9 mW from 360-410 GHz from two different 

packaged MMIC designs.  These results are obtained from a 

single packaged MMIC.   

We also provide a summary of InP HEMT multiplier chain 

results.  It will be shown that InP HEMT multiplier chains 

provide significant benefits for DC efficiency at 

submillimeter wave frequencies because the majority of 

power is consumed by the power amplifier at the output of 

the InP HEMT multiplier chain.  These InP HEMT multiplier 

chains provide sufficient power to serve as the local 

oscillator for mixers. 
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Fig. 1.  1 THz InP HEMT amplifier, including packaged 

amplifiers (Top) and measured small signal gain response 

(bottom) 
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NOTES: 

  

The Origins Space Telescope is one of four large 
missions studied by NASA, which have been submitted to 
the 2020 Decadal Survey on Astronomy and Astrophysics. 

The Origins Space Telescope is a mid to far-IR satellite 
with a cooled 5.9m primary mirror. Origins has three 
bolometer arrays as the baseline instruments and one 
upgrade instrument, the HEterodyne Receiver for Origins 
(HERO). HERO [1] is designed to study the trail of water 
from the ISM to protoplanetary disks. It covers a 
continuous wavelength range of 486 to 2700 GHz in only 4 
bands. Each band has two 9-pixel focal plane arrays, one 
for each polarization. Hero can carry out dual-polarization 
and dual-frequency observations. We aim for DSB receiver 
temperatures around 50 K for the 486 to 756 GHz band, 
100K for the 756 - 1188 GHz band, 200K for the 1188 - 
1782 GHz band and 300K for the 1782 to 2700 GHz band. 
HERO has at least 6GHz IF bandwidth (goal 8 GHz).   
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Sub-
system Component HIFI HERO 

Local 
Oscillator  

Synthesizer 
Technology 

YIG-based Ka-
Band+Active 
Frequency 
Multipliers + 
GaAs W-band 
power amps 

CMOS or YIG-
based W-band 
synthesizer + 
GaN. amps 

Multiplied LO 
Technology 

Cascaded GaAs 
frequency 
multipliers 

Cascaded  Mult
ipl. + On-chip. 
Power 
Combining +. 
3D integ. 

Pixels per array 1 9 
DC power/pixel 25 W ~ 1.5 W 
Fractional 
Bandwidth 

~12 % ~45  % 

Cryogenic 
Detectors 

Mixer Technology  SIS, HEB  SIS, HEB   
SIS sensitivity 2 - 6  hν/k 2 hν/k 
HEB sensitivity 13-18 hν/k 3 hν/k 
LNA Technology InP HEMT Low-power 

SiGe HBT 
Number of pixels  1  2x9 
DC power/pixel 10 mW 0.5 mW 
Mixer. Assembly Quasi-optical   Waveguide 

Backend 

 IF Processing GaAs HEMT amplifiers 
Spectrometer 
Tech. 

FFT FPG CMOS based 
SoC 

DC Power/pixel 10 W 2W 
IF Bandwidth 1.5 GHz 6 GHz   goal 

8GHz 
Total DC power per pixel 35 W 3.5 W 

          
           

Fig. 1.  HERO builds on the successful HIFI/Herschel mission, 
but carries it to new dimensions by proposing the first heterodyne 
array receiver for a satellite.  
 

On a satellite, resources are scarce and we require a 
drastic reduction in cooling power and electrical power 
with improved instrument performance (see table above). 
HERO builds on promising recent developments, and we 
propose a dedicated technology roadmap to reach TRL 5 in 
2025 for all components. 
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NOTES: 

  

The Terahertz (THz) regime is of particular interest in 
astronomy as ones can observe radiation from early distant, 
cold, and dusty objects, which are mostly invisible in the 
optical/NIR regime. It, however, is still a frequency band to 
be fully explored as water vapor renders the terrestrial 
atmosphere opaque over nearly all of the Earth’s surface. 
China is going to launch a space station around 2022, 
providing a good opportunity for the development of 
China’s space astronomy. And there will be a 2-m optical 
telescope flying simultaneously with the space station in 
common orbit. Five astronomical instruments including 
high-sensitivity terahertz detection module (HSTDM) have 
been selected onboard the 2-m optical telescope facility. 
The HSTDM, focusing mainly on the observations of 
neutral carbon (CI) and other molecular lines for the 
understanding of star formation, is mainly a 500-GHz 
niobium-nitride (NbN) superconducting-tunnel-junction 
(SIS) heterodyne receiver [1] operated at a temperature of 
8-10 K, which is provided by a closed-cycle 2-stage 
pulse-tube cryocooler [2]. In addition, the possibility of 
adding a THz Schottky receiver onto HSTDM is taken into 
account. Detailed designs and testing results will be 
presented. 
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NOTES: 

  

Sideband separating receivers radically simplify analysis 

of spectral regions where many species exist, such as the 

530-600 GHz band when studying planetary atmospheres.  
Sideband-separating mixers use quadrature combining of 

two mixers to down-convert both sidebands but require 

careful balancing of the two mixer paths. A simpler 

approach is possible if a fixed LO frequency can be used.  

This allows filtering of the image-band before a double-

sideband mixer.  In addition to reducing circuit complexity, 

this approach provides higher sideband rejection than 

typically achieved with sideband separating mixers.  

Fig 1 (top) shows the system diagram.  The integrated 

receiver combines a 281GHz LO chain with a 

multiplication factor of 27 with two sub-harmonic mixers.  

IF filters follow each mixer.  Both sidebands are down-
converted by splitting the incoming signal and then filtering 

each path. The LO is located at 562GHz and down-converts 

531-557GHz and 568-600GHz, providing an 11GHz band 

where the filters can cross-over.  Secondary down-

conversion is used to place the species of interest into the 

spectrometer’s bandwidth.  To set the noise temperature of 

the system, 520-600GHz LNAs will precede the splitter. 

This approach requires very precise location of the 

passband edges.  Machining tolerances makes realization of 

the desired filters’ passbands unlikely, so a tunable 

waveguide filter approach is utilized.  It has been found 
that waveguide filters can be effectively tuned by adjusting 

the gap in the E-plane split waveguide block [1].  By 

controlling the gap in the filter block with 5um thick shims, 

the filters can be aligned to within +/- 3 GHz, without 

significant change in the passband width or insertion loss.     

Fig. 1 (middle) shows the discrete version of this system, 

where the tunable filter and splitter have been separated 

from the integrated receiver to verify this tunable filter 

approach.  The graph shows the conversion gain of each 

mixer path, which includes the loss of the splitter, filter and 

mixer, and the gain of an IF amplifier.   
To further reduce losses, a fully integrated version of the 

system that combines the receiver with the filter and splitter 

has been developed and results of this device will be 

presented at the conference.  
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Fig. 1.  (Top) The block diagram of the 530-600GHz receiver.  

(Middle) The discrete 530-600 GHz receiver system in three 

blocks.  From left to right: Integrated receiver, Tunable Filter, 

Splitter.   (Bottom) is the conversion loss of the full system 

showing less than -10 dB conversion loss and over 30 dB of 

sideband rejection across both upper and lower passbands. 

 



NOTES: 

  

Recent1-3 work has shown the coherent radiation generated 
by high-speed phase lock loops (PLLs) embedded in CMOS 
circuitry can be leveraged for use in a variety of remote and 
in-situ sensing instrumentation.  PLL outputs can be paired 
with other on chip elements (e.g., down-conversion mixers, 
power amplifiers, frequency multipliers, pulse modulators) 
to produce versatile transmitter or receiver devices having a 
footprint of several square millimeters that consume 
<500mW input power. A previous joint JPL/UCLA 
collaboration to develop a miniaturized 90-100 GHz cavity 
enhanced pulsed-emission spectrometer for in-situ sensing 
deploys such custom CMOS source/detection electronics. 
This sensor, where all source and detection electronics are 
housed on a single (100 cm2) printed circuit board, has been 
shown to be sensitive to trace amounts (1-100 μTorr) of test 
gasses with short (1 second) integration times. 

 
Fig. 1. Pictorial representation of custom designed 180 GHz 

CMOS heterodyne receiver (a). This custom integrated circuit 
chip is mounted on a printed circuit board (b) that houses all 
support electronics. A standard WR5 waveguide flange is used 
for interfacing with standard mm-wave hardware for laboratory 
characterization. 
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This talk will focus on the next generation of 

instrumentation currently under development that aims to 
realize a dual band system capable of detecting both H2O (at 
183.310 GHz) and HDO (at 80.3578 GHz) to allow for 
localized determinations of H/D ratios. A full system 
description will be provided along with an introduction to the 
pulsed-emission detection scheme leveraged by the 
miniaturized spectrometer. The performance properties of 
the 180 GHz pulsed transmitter and heterodyne receiver chip 
set (viz. Fig. 1) will be discussed along with details of how 
generated radiation is coupled into (and out of) a resonant 
optical cavity. These results will be accompanied by 
demonstrative examples of water vapor detections and future 
plans to integrate a lower frequency band for dual H2O/HDO 
detections. 
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Abstract— A hybrid multiplier chain with a Si-micromachined 

stack housing the 2.06-THz sub-harmonic Schottky-diode based 

mixer is developed for the purpose of THz sensing for NASA in 

space. Low-noise temperature measurements are performed using 

this hybrid local-oscillator (LO) chain. The capability to have 

exact dimensionality becomes essential as frequency scales due to 

the complexity arising in assembly and finer tolerances. Total 

process yields can be improved through Si fabrication by verifying 

achievement of specified tolerances lithographically and 

compatibility to rapid process changes and design fine-tuning. The 

integrated Si platform is detailed, whereby signal I/O and 

alignment modalities enable low-noise measurements.  

 

 
Index Terms—Silicon, Space technology, Submillimeter wave 

propagation, System integration, Wafer scale integration 

 

I. INTRODUCTION 

NDERSTANDING the atmospheric dynamics in Earth’s 

upper atmosphere is an area of focus for NASA’s earth 

science directorate [1]. Schottky diode mixers operating at 

several THz have historically been a stable method of passive 

sensing in space, with prior scientific mission deployments [2]. 

The capability to leverage silicon (Si) fabrication and integrate 

the local oscillator (LO) and intermediate frequency (IF) signal 

onto a compact Si micro-machined package has the potential to  

 
 

 

introduce new features and design paradigms.  

 A heterodyne receiver front end is being developed to 

perform measurements at 2.06 THz, where a neutral oxygen 

[OI] line exists. By measuring this atmospheric feature, 

thermos-spheric models can be created for understanding space 

weather and its impact on earth climate.  

In this paper, we describe the process for fabricating and 

utilizing this three-dimensional Si stack receiver front-end. 

Silicon micromachining provides the necessary accuracy for 

integration at the several THz regime. Particularly, processing 

and etch recipes have demonstrated smooth surfaces of < 1 µm 

surface roughness. We keep in consideration pre-compensating 

for minute offsets, matching mechanical strain on all interfaces, 

and including passive alignment verification in the design. As 

compared to metal blocks, computer numerical controlled 

(CNC) milling can produce slight burrs in the interfaces 

resulting in misalignment and resultant strain between two 

pieces of components. Si integration can also make possible 

arrays of pixel transceivers through compact subsystems, 

drastically minimizing unit area. 

 

II. BACKGROUND 

Silicon micromachining is used to create the fine waveguide 

features in the three-dimensional stack. The fabrication process 

consists of two main steps. In order to etch straight side walls, 

multiple SiO2 masks are used. This type of process allows for 

thicker structures and multiple-levels for different feature 

heights [4]. The recipe used in this particular paper was first 

developed and described in [5] at Jet Propulsion Laboratory and 

adapted to be used for this work.  

A three-step process for deep-reactive ion etching is 

performed. Negative photoresist is lithographically patterned 

on the 4-inch Si wafer. With the pre-determined selectivity of 

the process, inductively coupled plasma (ICP) etch is initially 

performed on the SiO2. This step allows for finer precision over 

final target thicknesses. Then, deep-reactive ion etching (DRIE) 

is done, creating the desired depths of the Si waveguide. 

Waveguide depths are measured using a profilometer, in order 

ensure accuracy of process, which will be discussed further in 

the paper.  
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Figure 1.  a) Device mounted in the Si block displayed in b). The 

beam lead of the diode is aligned to the center of the waveguide, and 

achieves precise alignment for complete coupling of the mode [3]. 

 

 

a) 

b) 
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III. SILICON INTEGRATION 

The Si module, encompassing only a miniature area of 7.5 

mm x 17.5 mm x .35 mm, is assembled in a hybrid package to 

interface to the rest of the metal chain. Within the module is 

housed a biased diode structure, as shown in Figure 1a, and the 

intermodulation frequency (IF) line. Two wafers of the design 

were fabricated, with fourteen top and bottom Si sets per wafer. 

As discussed earlier, multi-step DRIE allows for Si 

micromachining of multiple depths with precision and 

smoothness. Other features shown in the waveguide picture in 

Figure 1b are designed to be within their required depths, as 

well as match complementary etch depths. 

The exact dimensions are met with accuracy by reduced 

etches and checks with the calibrated Dektak profilometer. 

Figure 2 illustrates the delta from designed waveguide depth 

measured across wafer. 

IV. EXPERIMENTAL RESULTS 

Experimental results are demonstrated using the LO chain, 

represented by Figure 3, consisting of a National Instruments  

 

 

 

 

synthesizer source amplified by a Cernex power amplifier to 

drive the 110 GHz tripler and a Gallium Nitride (GaN) 

amplifier. From here, the signal is launched into the 340 GHz 

tripler, followed by a 1 THz doubler providing 1 milliwatt 

(mW) of power at various frequency points into the 2.06 THz 

subharmonic mixer. 

In Silicon, with RF pumping at 1.987 THz, the mounted diode 

is operational with > 0.150 mA current at 1.3 V reverse bias. 

For the balanced diode, with series resistance in the 100 to 170 

Ω range, noise temperature measurements are predicted to be in 

a similar to lower range as the demonstration in the metal 

waveguide enclosure. 

 

V. CONCLUSION 

NASA has as one of its central goals to model thermo-spheric 

dynamics, and this work provides the necessary technology to 

enable the measurement of this spectral characteristic.  

The advantage of utilizing this Si process for space 

technology is twofold. Beyond rapid prototyping, the designed 

stack is ready for flight demonstrations and extensible to array 

form. This particular interface will be directly applied to the 

detection of the OI line, which occurs at 2.06 THz frequency.  

Prior measurements at > 2 THz have not been at room 

temperature, which is targeted with this heterodyne detection 

scheme [6] for reduced power consumption. 
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Fig. 2.  The waveguide structure and its critical dimensions, mostly 
etch depths, are measured and their deviation from design are 

shown in this diagram. These values are well within tolerance of 

retaining optimal performance. 
 

 

 

Fig. 3.  Block diagram of experimental setup for room temperature 
measurements b) Picture of setup during noise temperature 

measurement, with the 2.06 THz mixer at the rightmost end of the 

local oscillator chain. 

  

a) 

b) 



NOTES: 

 
 

A fundamental problem is detecting the spectrum of a 
remote source, and heterodyne spectroscopy is a powerful 
technique for high-resolution measurements. However, 
performing these measurements over a wide range requires a 
widely tunable local oscillator. In THz quantum cascade 
lasers, this typically requires moving parts [1] and requires 
nontrivial amplitude and frequency calibration. 

One potential alternative is the use of optical frequency 
combs as LOs. Frequency combs are light sources whose 
lines are perfectly evenly spaced [2], and in THz QCLs have 
achieved bandwidths exceeding 1 THz. For local 
measurements, the dual-comb spectroscopy technique—a 
multiheterodyne technique in which two different combs are 
beat together [3]—has become essential. However, 
measuring the spectrum of a remote source with a comb is 
more challenging. Though one can beat a comb LO with a 
signal, the resulting beating is ambiguous in the sense that 
the resulting beatings cannot be attributed to a specific line.  

We will show that a new kind of dual-comb spectrometer, 
in combination with a fast analyzer, can be used to 
unambiguously determine the spectrum of a remote source 
over the comb’s bandwidth. By beating the signal with two 
different combs, the original signal can be unambiguously 
retrieved, merely by computing the Fourier transform of the 
correlation between the spectrum of the two signals. 
(Alternatively, one comb can be used if a delay element is 
introduced.) This approach is suitable for any remote signal, 
even incoherent ones. In addition, the presence of multiple 
LOs allows for the double-sideband ambiguity to be resolved 
even when a double-sideband mixer is used. 

Figure 1 simulates this process for a pair of LO combs 
spanning 4 to 5 THz at 10 GHz increments and a signal with 
lines at 4.211 THz, 4.558 THz, 4.783 THz, and 4.883 THz. 
Fig. 1a shows the beating with the first comb alone, showing 
components at 1, 2, and 3 GHz. Though beatings are present, 
which comb line they correspond to is ambiguous. However, 
by beating the signal with the second comb and calculating 
the Fourier transform of the correlations between the two 
spectra, one can determine which comb line each beating 
belongs to. These are shown below for the comb lines at 4.21 
THz, 4.56 THz, 4.78 THz, and 4.88 THz. The true signals 
(shown in red) are reproduced, showing the four components 
at offset frequencies of 1 GHz, -2 GHz, 3 GHz, and 3 GHz, 
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respectively. Note that both negative frequencies and 
overlapping frequencies in the IF were correctly reproduced, 
even though a double-sideband mixer was used. 

In principle, this system can be compact, monolithic, and 
self-calibrated—both in amplitude and frequency. We will 
also show that under certain conditions (the case of a signal 
whose IF components do not overlap), such systems can 
inherit the sensitivity of an equivalent system with a tunable 
LO. Thus, this scheme can act as an alternative route for 
ultrasensitive, ultrabroadband, high-resolution spectroscopy. 
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ultrabroadband spectroscopy 
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Fig. 1.  a. Beating of a signal with four lines with a 4-5 THz 
comb. All beatings are present, but the result is ambiguous. b. 
Signal retrieved by a Fourier transform of the frequency-domain 
correlation at four comb frequencies. The signal is reproduced. 



NOTES: 

  

Recently, superconducting parametric amplifiers have 

been developed that are able to provide gain over a very wide 

instantaneous bandwidth, extending up to an octave at 

microwave frequencies.  These amplifiers overcome the 

limited bandwidth of previous implementations of paramps 

that relied on nonlinear components embedded in resonant 

circuits while maintaining extremely low noise behavior that 

is limited only by quantum mechanical constraints.   The new 

designs are based on a traveling wave architecture where the 

nonlinearity of the circuit is distributed along the length of a 

non-resonant transmission line structure.  An example of this 

sort of device makes use of the nonlinear kinetic inductance 

of a thin film superconducting transmission line [1].   

Kinetic inductance traveling wave parametric amplifiers 

may be interesting for millimeter-wave instruments either as 

very low noise front-end amplifiers or as microwave band IF 

amplifiers.  The use of a paramp front end amplifier could 

allow for an improvement in system noise temperature 

beyond what has been achieved with transistor amplifiers or 

SIS mixers.  We have observed gain at around 90 GHz in a 

waveguide-coupled paramp, demonstrating the potential of 

these devices at millimeter wavelengths.   

We will also discuss results on microwave band paramps 

and their possible use as IF amplifiers in heterodyne receiver 

systems.  These paramps dissipate only a few microwatts of 

power, compared to a few mW transistor LNA amplifiers, 

making them interesting for arrays.  The added noise is 

measured to be close to the quantum limit over about an 

octave bandwidth. 
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NOTES: 

  

Current state-of-the-art mixers with the best reported 

sensitivities are superconductor-insulator-superconductor 

(SIS) receivers and hot-electron bolometers (HEB) [1]. Both 

have proven to be successful in the practicality of space 

flight missions. However, SIS and HEB mixers have their 

limitations. SIS mixers demonstrate nearly quantum limited 

sensitivity up to approximately 700 GHz, but then exhibit a 

reduction in sensitivity above 1 THz [1]. The use of HEBs 

are therefore utilized for operations above 1 THz, however 

they experience noise temperatures of approximately 10 

times the quantum limit. High transition-temperature 

superconductor (HTS) Josephson junction (JJ) mixers have 

the potential for high frequency operation due to their larger 

superconducting energy gaps, when compared to low 

temperature superconductors, that are typically used in SIS 

receivers. HTS JJ mixers could also offer a large 

intermediate frequency (IF) bandwidth (10-20 GHz), low 

local oscillator power requirements (~100 nW), the potential 

for higher sensitivity at 1-2 THz, and higher temperature 

operation. In this work, we investigate the conversion gain 

of a Y-Ba-Cu-O (YBCO) focused helium ion beam 

Josephson junction (HI-JJ) operating as a mixer at 250 GHz.  

The design of the device involves a JJ contained in a 4 μm 

YBCO bridge at the center of a log spiral antenna.  The JJ is 

created with a focused helium ion beam (FHIB) which 

disorders oxygen in the crystal structure of YBCO, that 

converts the material from superconductor to insulator [2]. 

The FHIB technique is conducive to the THz mixer 

application because it allows for nano-scale junctions to be 

created through a trimming step with a high dose of helium 

ions that drives the material insulating [3]. This ultimately 

gives the ability to control the junction size, as well as to tune 

the impedance of the junction [4] to match the antenna (~70 

Ω). 

The current-voltage characteristics (I-V) were recorded 

for both the unpumped and pumped case. The junction 

exhibited a critical current (Ic) of approximately 0.1 mA and 

a normal state resistance of 11 Ω. The device was pumped 

with 250 GHz and the I-V curve revealed several Shapiro 

steps corresponding to the AC Josephson effect: 𝑉 = 𝑛
ℎ𝜈

2𝑒
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Fig. 1.  I-V curves with IF power vs voltage for varying pump 

power at 250 GHz radiation. 

 

where n is an integer, ν is the drive frequency, and h/2e is the 

flux quantum. The device I-V curve and IF output power vs 

bias voltage was recorded with and without 250 GHz 

radiation for several different power levels and is shown in 

Fig. 1. 

To determine the conversion gain of the mixer we utilize 

a resistively and capacitively shunted junction (RCSJ) model 

to find a fit to the data to approximate the incident RF power. 

A time dependent current source of the form 𝐼𝑟𝑓𝑆𝑖𝑛(𝜔𝑟𝑓𝑡) is 

added to the RCSJ model to include the AC Josephson effect. 

A good fit to the pumped case of half suppression of the 

unpumped critical current was found with Irf = 0.07 mA. 

From this fit we determine the conversion gain of the device 

is approximately -5.5 dB. This is very promising when we 

compare it to the performance of the detectors used on the 

Heterodyne Instrument for the Far Infrared (HIFI), which 

had conversion gains ranging from -10 dB to -4 dB. This 

work demonstrates the great potential and flexibility of 

YBCO junctions directly written with a focused helium ion 

beam for high frequency applications.  
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NOTES: 

  

Terahertz (THz) quantum-cascade (QC) lasers are 
attractive sources of local oscillator power for THz 

heterodyne receiver systems thanks to their high power and 
efficiency at frequencies in the 2-5 THz range [1]. In 
particular, THz QC-lasers have been deployed as local 
oscillators for the OI line at 4.74 THz. Although THz QC-
lasers have traditionally been implemented in surface-
plasmon or metal-metal ridge waveguides, a new 

architecture is the THz QC vertical-external-cavity surface-
emitting laser (QC-VECSELs), which is promising due to its 
high-quality beam, high output power, and broadband 
frequency tunability [2]. The enabling component of the THz 
QC-VECSEL is an amplifying metasurface based on a 
subwavelength array of metal-metal antenna elements 

loaded with QC gain material. Because THz QC-lasers must 
be operated at cryogenic temperatures, the laser’s power 
consumption critically determines the cryocooler load and 
total system power consumption. In this work, we 
demonstrate QC-VECSELs at ~4.7 THz based on extremely 
sparse metasurfaces allowing for reduced power 

consumption and improved temperature performance.  
To date, the metasurfaces used for THz QC-VECSELs 

have been based on a subwavelength array of long, narrow 
metal-metal waveguides coupled to surface radiation via the 
TM01 cutoff resonance of the waveguides. Here, we instead 
use a subwavelength array of patch antennas, similarly 

coupled to surface radiation via their TM010 patch resonance. 
While the areal fill factor (area of QC-loaded antenna 
elements / total area of metasurface) of a typical ridge-
waveguide based metasurface is limited to a minimum of 
~15%, the fill factor of a patch array can be reduced to <5%, 
which reduces the required pump power for a given 

metasurface area, and improves temperature performance by 
allowing extraction of heat along two axes, instead of one.  

The demonstrated device is designed to operate in a single 
mode at 4.63 THz and has a fill factor of 4% (47 µm 
periodicity along both axes of the 2-dimensional surface, and 
one patch per period that is 11.5 µm wide and 7.5 µm long). 

Additionally, the metasurface is designed with a spatially 
varying phase response to provide a focusing effect for 
improved beam quality and reduced diffraction loss [3]. The 
measured current, voltage, and THz power characteristics are 
plotted in Fig. 1. A maximum of 0.45 mW of power is 
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measured in continuous-wave mode at 77 K, with a total 
power consumption of 1.25 W, for a wall plug efficiency of 
0.036%.  
 

 
 

Fig. 1.  Current – voltage curve of the measured devices 

operating at 77 K, and corresponding THz output power. Up to 

0.45 mW of THz power is obtained with a wall-plug efficiency 

of 0.036%. The current – voltage curve measured in pulsed mode 

(1% duty cycle) is almost identical as that in continuous wave, 

indicating minimal thermal impact by operating in continuous 

wave mode. Inset shows SEM of fabricated metasurface. 
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 Tunable Antenna-Coupled Intersubband Terahertz 

(TACIT) mixer is a new type of hot-electron bolometer 

mixer based on high-mobility 2-dimensional electron gas 

(2DEG) in a GaAs/AlGaAs quantum well that uses 

intersubband transition for efficient absorption of THz 

radiation [1, 2].  TACIT mixers operate at relatively high 

temperatures (50–70 K), and are predicted to offer low 

single-sideband (SSB) noise temperature (~1,000 K), a wide 

intermediate frequency (IF) bandwidth (~10 GHz), and low 

required local-oscillator (LO) power (< 1μW) along with 

in-situ tunability in the detection frequency (2–5 THz) [3]. 

These mixer characteristics potentially make TACIT mixers 

an attractive mixer technology for high-resolution, 

multi-pixel THz heterodyne instruments particularly for 

planetary applications.  

 A TACIT mixer is a four-terminal device in which two 

ohmic contacts (source and drain; see Fig. 1. (a)) are used to 

read out the IF response due to the change of the device 

resistance caused by THz radiation, and top and bottom 

gates are used to couple THz radiation into the active region 

of the device (see Fig. 1. (b)). A planar THz antenna 

integrated in the top and bottom gate metallization orients 

THz fields perpendicular to the 2DEG plane at the active 

region, in which THz energy is resonantly absorbed by the 

2DEG through an intersubband transition. The excited 

electrons quickly thermalize and heat up the active region, 

resulting in a fast bolometric response in the device 

resistance. The top and the bottom gates can also electrically 

tune the intersubband absorption frequency (via the dc Stark 

effect) as well as the device impedance seen by the THz 

antenna. 

 In our recent work [2], we have successfully fabricated a 

prototype TACIT mixer for 2.5 THz using a flip-chip 

technique to perform lithography on both sides of a 

sub-micron thick quantum well membrane, and have 

observed tunability in the detection frequency (2.5–3.1 THz) 

and THz mixing at 60 K with an IF bandwidth exceeding 6 

GHz. However, the antenna structure and the 2DEG mesa 

geometry of the prototype device were not designed for 

optimal mixer performance, and thus the noise temperature, 

the conversion gain, and the required LO power could not be 

characterized in the current prototype device.  
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To achieve optimal mixer performance of a TACIT mixer, 

a new design and fabrication effort is under way. In this 

work, we theoretically or experimentally investigate all 

design parameters of a TACIT mixer including the 2DEG 

mesa geometry and antenna design and evaluate how they 

affect the mixer performance. Details on the design and 

estimated mixer characteristics will be provided in the 

presentation.  

 

 
Fig. 1.  TACIT mixer integrated with a bow-tie antenna for 

optimal mixer performance (a) layout for a TACIT mixer showing 

2DEG mesa (outlined by green dashed lines) and a bow-tie antenna 

integrated in top and bottom gates, (b) active region of a TACIT 

mixer, (c) vertical schematic of a TACIT mixer.   
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NOTES: 

 

 

The NOEMA interferometer located in the French Alps 

at 2500m altitude, currently operates 10 antennas having 

15m of diameter with the 11th antenna coming out in April 

2020 and the 12th and last one in 2021.   

The receiver cabin is equipped with a single closed cycle 

cryostat (see Fig. 1), containing 4 heterodyne frequency 

bands, covering the 70-375 GHz frequency range. It is 

cooled down using a 3-stage GM cooler from Sumitomo 

Heavy Industries, Ltd. The end temperature is typically 

below 3K, ensuring the SIS junctions operate in the 3.5-

4.5K temperature range.  

 

 
Fig. 1.  Receiver installed in the 10th NOEMA 15m antenna. All 

critical electronics is directly mounted on the top plate. 

 

We will present an overview and summary of the 

receivers performance gathering results after several years 

of operations. We will also show the statistics for the 

receiver tunings over the past years assessing tuning 

quality, tunings which required manual intervention and 

finally total required tuning time. 

As observing time is very expensive, any gain in 

improving on source observing efficiency is beneficial.  

Therefore, we will also show improvements and 

optimizations of the automated tuning procedures 

performed in 2019 allowing to further improve the overall 

tuning reliability, quality and total duration. Finally, we will 

present the next planned steps to further improve it.  
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NOTES: 

  

This talk will describe recent work on the 1.46 THz and 

1.9 THz local oscillator (LO) arrays for the 

Galactic/Extragalactic ULDB Spectroscopic Terahertz 

Observatory (GUSTO) project [1]. This project is led by the 

University of Arizona, and consists of a long duration 

balloon astronomy mission to be launched from Antarctica. 

VDI is developing 2x4 pixel arrays of LOs at 1.46 THz and 

1.9 THz that will be used to drive 2x4 pixel HEB arrays. 

Each LO pixel consists of a stand-alone amplified multiplier 

chain, that had been previously developed. These chains 

have been re-packaged to fit the requirement of a 15 mm 

spacing between pixels. A photograph of a 1x4 array of the 

1.9 THz local oscillator pixels is shown in Fig. 1.  

Full 2x4 arrays of both frequencies have been tested 

extensively to verify that they meet the flight requirements. 

First, a minimum of 15 uW output power is required for each 

pixel over the frequency range. Also, the THz power must be 

electronically controllable over a 6 dB range of power. In 

addition, the amplitude noise of each pixel is measured to 

insure that the amplitude noise stays below the specified -

147 dBc/Hz at both full power and at minimum power. The 

inset in Fig. 1 shows a typical curve for a 1.9 THz pixel at 

full output power, with a maximum noise of -157 dBm. This 

measurement uses a method previous developed for the 

ALMA local oscillators [2]. Finally, the chains are tested 

over an operational temperature range of 0C to close to 50C, 

to verify proper performance over this range.  

The results of these test for the two arrays will be 

presented at the symposium.  

 

 

 

 

 

 
1 Virginia Diodes Inc., Charlottesville, VA, 22902 USA .  

 

 
Fig. 1.  Photograph of a 1x4 array of 1.9 THz local oscillators. 

The inset shows an amplitude noise measurement of one of the 

pixels over the required frequency band. The dark blue indicates 

-170 dBm/Hz and the light blue peaks are at -157 dBm, well 

below the specified -147 dBm. 
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NOTES: 

  

Following on the success of high-spectral resolution 
submillimeter-wave/terahertz receivers recently flown in 
space, such as MIRO on-board the Rosetta Orbiter and HIFI 
on-board the Herschel Space Observatory, the next 
generation of terahertz cameras needs to address the 
challenge of achieving broadband multi-pixel operation 
within the strict power budgets of space missions. For 
planetary science applications, the 200-600 GHz range is key 
for studying water (and its composition) in comets and ocean 
worlds, in the search for habitability and the origin of water 
on Earth. Fast mapping is key in order to be able to avoid the 
data retrieval issues caused by the fast rotation of comets and 
to fulfill the science goals during flyby missions to the outer 
planets and their moons. For Astrophysics, large-band array 
receivers in the 1.4-2.7 THz are required to capture all key 
tracers of star formation: [CII], [NII], [OI], CO, HD, etc. Last 
but not least, dc power consumption is one the main limiting 
factor for terahertz array receivers. Since the local oscillator 
(LO) subsystem mostly drives the total power consumption 
of such receivers, ultra-compact high-efficiency LO systems 
are required to maximize the number of pixels affordable for 
future NASA missions involving THz spectroscopy.  

Herein, we report in the latest progress towards low dc-
power compact multi-pixel Schottky diode-based frequency 
multiplied local oscillator sources operating at room 
temperature. For the 200-600 GHz range, progress towards 
an ultra-broadband 16-pixel 210-600 GHz local oscillator 
array with >2 mW output power per pixel and ~20 W total 
power consumption (~1,25 W/pixel), enough to drive 
Schottky diode-based mixers with healthy margins. For the 
1.4-2.7 THz array sources, we will report on the 
development status of a new 16-pixel 1.9-2.06 THz source 
with >20 µW/pixel and ~26 W total power consumption 
(~1.6 W/pixel). This represents one order of magnitude 
improvement with regards to the JPL 1.9 THz single-pixel 
LO flown on HIFI (~25 W/pixel) and the state-of-the-art JPL 
4-pixel LO flown on STO-2 (20 W/pixel). We will also 
report on the 1st multi-pixel local oscillator in the 2.5 THz 
region (see Fig. 1.). This 2.5 THz source produces 15-37 
µW/pixel with than 10 W dc power consumption. Currently, 
the most powerful 2.5 THz LO source flown on 
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GREAT/SOFIA provides ~3-5 µW at 300K. The newest JPL 
single-pixel source at 2.5 THz produces up to 50 µW and is 
approximately one-fourth in size than the previous 
generation. Likewise, the newest 1.6 THz source developed 
at JPL provides ~0.7 mW (x10 than the previous JPL source 
in this range). Using phase grating techniques, such a chain 
could drive at least 64-pixel HEB-based receivers. 

 

 
Fig. 1.  First ever 2-pixel room-temperature 2.5 THz source. 
 

These improvements in output power and reduction in dc 
power are mostly due to the JPL patented on-chip power 
combined topology and thoroughly optimized frequency 
multipliers [1]. An overview of the latest results will be 
provided, showing that the efficiency of this new generation 
of frequency multiplied sources follows now very closely the 
predictions by accurate physics-based models. 

Achieving larger RF bandwidths (up to 50%) for terahertz 
room-temperature sources is one of the ‘unexplored’ 
territories where we are concentrating our efforts on now. 
For future balloon-borne instruments (e.g. ASTHROS, 
planned to fly from Antarctica in 2023) and space-borne (e.g. 
HERO, one of the instruments under study for the Origins 
Space Telescope concept), this kind of frequency coverage 
is necessary to maximize science return while minimizing 
the number of receiver channels to reduce complexity, dc 
power and cost. Progress towards enhancing the RF 
bandwidth of these LO sources by a factor of two in the 210-
600 GHz and the 1.4-2.7 THz bands will be discussed. 
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NOTES: 

 

Frequency and power stability is an important require-

ment for a local oscillator (LO) in a heterodyne spectrome-

ter. For terahertz (THz) quantum-cascade lasers (QCLs) 

employed as an LO, passive stabilization can be realized by 

keeping the driving current and operating temperature as 

stable as possible [1]. In this way, an LO frequency stability 

of a few MHz in a mechanical cooler is achieved for the 

4.75-THz channel of the German Receiver for Astronomy 

at THz frequencies (GREAT). This is sufficient for typical 

astronomic observations. However, for resolving very nar-

row spectral details in the atmospheres of the Earth and 

other planets, a linewidth of less than 1 MHz is desirable. 

Besides frequency stability, power stability of the QCL is 

important, since the pump power stability mainly limits the 

Allan time for bolometric mixers.  

Previously, we have demonstrated how near-infrared ex-

citation can be exploited for light-induced frequency tuning 

of THz QCLs [2]. Here, we show how this effect in combi-

nation with the tuning of the QCL driving current can be 

used to realize simultaneous frequency and power stabiliza-

tion. For the experiments, a QCL emitting at 3.1 THz is 

mounted in a mechanical cryocooler (Ricor, K535). An 

optical fiber is positioned close to the QCL for near-

infrared illumination. A methanol gas cell, a Ge:Ga 

photoconductive detector, and a lock-in amplifier with 

integrated PID capabilities (ZI, UHF) are used for 

modulation (1f) spectroscopy and frequency locking. A 

second Ge:Ga photoconductive detector is used for power 

monitoring and, in combination with a second PID loop, for 

power locking. Figure 1 depicts experimental results for 

such an active stabilization, where the QCL driving current 

is used for frequency locking and the near-infrared 

illumination for power stabilization. In the free-running 

case (1), the frequency varies by almost 20 MHz associated 

with cooler vibrations, and the output power varies by 0.1% 

[root-mean square value (rms)]. For simple frequency 

locking (2), frequency variations are reduced to 240 kHz 

[full width at half maximum (FWHM)], while output power 
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variations increase to 0.4% (rms). In case of simultaneous 

frequency and power stabilization, variations of 260 kHz 

(FWHM) and 0.03% (rms) are obtained, respectively. More 

details can be found in [3]. The advantage of our method is 

that both parameters (frequency and output power) can be 

controlled on the same short time scale,  since the related 

current and illumination tuning effects are physically fast 

processes. This allows for an efficient compensation of 

detrimental power variations in case of frequency locking 

and vice versa. The approach might be adopted for a 

heterodyne receiver by using a subharmonic mixer and a 

multiplied microwave reference for frequency locking. 
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cases: free running, frequency locked, frequency and power 

locked. 
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NOTES: 

 
Solid-state sources based on amplifier-multiplier-

chains (AMCs) continue to serve as the source of 
choice for radio astronomy and atmospheric sensing. 
As the available output power continues to increase, 
other applications are also being enabled. These 
include plasma diagnostics, ESR, DNP-NMR, and 
radar imaging systems. This paper will review recent 
developments at VDI that are leading to record power 
levels as well as more reliable and compact sources.  

As an example, Fig. 1 indicates the output power 
from a ~260 GHz source; roughly 250 mW across a 
useful band of 10 GHz. This result is made possible 
through the use of diode multipliers optimized for 
high power handling, in terms of both electrical and 
thermal design.  Two-way in-phase, power combining 
is also used for the final two frequency doublers. 
Significant further improvements are anticipated with 
higher levels of power combining and/or the cooling 
of the components (for applications where cooling is 
feasible). Sources such as these are also useful to 
drive multiplier into the range well above 1 THz, and 
data for these higher bands will be presented at the 
conference.  

Figure 2 shows the power from a similar source 
using broadband components. In this case, roughly 
100mW is available across the entire WR10 
waveguide band. This performance has been enabled 
through the use of a newly available amplifier 
technology. The power available from these 
broadband sources can also be multiplied to higher 
frequency, resulting in the results shown in Fig. 3.   

The potential for further improvements in this 
source technology will be summarized at the 
conference.  
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Fig. 1.  The measured power of a VDI source. The 

multiplier bias and amplifier power are optimized at each 
point. (All power levels measured with PM5 power meter.) 

 
Fig. 2: Power from a broadband (WR10.0) source. 

 

Fig. 3: Power from a broadband modular 
(reconfigurable) source using a driver module (similar to 

Fig. 2) and a standard set of frequency multipliers. 
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Millimeter-Wave Filter Bank Spectrometers
Kyle Massingill, Sean Bryan, Christopher Groppi, Philip Mauskopf, Bianca Pina, Philip Rybak, and Peter Wullen

Abstract—We present testing of a 180GHz prototype filter
bank spectrometer and report on designs for larger channeled
millimeter-wave filter banks at 50-183 GHz. This technology will
be utilized in the development of a novel low-SWaP-C microwave
sounding sensor. It works by amplifying the broadband signal
with an LNA then channelizing with the millimeter-wave filter
bank. Each channel of the filter bank is detected by a separate
diode. The sensor system enabled by the millimeter-wave filter
bank has a great potential for measuring 3D atmospheric water
vapor and temperature by detecting the 183 GHz water line. We
will report here our progress in utilizing the sensor for on the
ground detections of humidity and preliminary designs for the
use of the sensor on a small satellite. Satellite based microwave
radiometers are the most important driver of global weather
forecasting. Current sensors rely on high-Swap-C LO/mixer/RF
components. We will demonstrate that the maturation and
adoptions of our novel sensor system would greatly improve
weather forecasting.

The prototype millimeter-wave filter banks were fabricated
using a micro milling CNC with a tolerance of 5-microns and
is a waveguide coupled to five spectrometer channels. The spec-
trometer channels are resonant with a tuned center frequency.
We tested a single channel prototype to determine sensitivity.
Testing was performed by driving a VNA extender with a signal
generator to input a sweeping signal into the prototype.

I. INTRODUCTION

DATA from microwave radiometers on large U.S. weather
satellites is the single highest impact driver of global

weather forecasting [1] [2]. These satellites carry instruments
such the Advanced Technology Microwave Sounder (ATMS)
and Advanced Microwave Sounding Unit (AMSU). These
sensors use heterodyne mixer technology, followed by an RF
filter bank and detectors. This effective approach comes with
a relatively high cost in SWaP-C and system complexity.
First, it requires a millimeter-wave local oscillator, which
uses significant power and requires an additional temperature
(and possibly frequency) stabilization system. After down
conversion by a mixer, in existing systems the channels are
separated with an RF filter bank which inherently limits
instantaneous bandwidth and may be less compact due to
longer RF wavelengths. Finally, existing mixers do not perform
sideband-separation without additional complexity, meaning
that signals from frequencies both above and below the line
are combined. This complicates data analysis and increases
the calibration and local oscillator stabilization requirements.

These disadvantages of existing spectrometer systems drove
us to develop millimeter-wave waveguide filter bank tech-
nology [3] at Arizona State University, forming the heart
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of our novel approach. Our approach, as illustrated in the
conceptual overview in Figure 1, is to first amplify the signal
from the scene with a commercial millimeter-wave low noise
amplifier (LNA). The signal then goes to a millimeter-wave
filter bank that we fabricate at the ASU precision machining
facility. The filter bank consists of resonant cavities that
couple each frequency channel to a different output waveguide
port. A millimeter-wave diode power detector at each output
port detects the signal which a commercial instrumentation
amplifier IC then amplifies before digitization, and storage.
Our key enabling technology, the waveguide filter bank, has
been successfully tested at 90 GHz [3] and 180 GHz [4] in
the laboratory and in some integrated tests.

Fig. 1. Conceptual overview the spectrometer. Temperature (bottom left)
and humidity signals from different atmospheric altitudes appear at different
millimeter wave frequencies (top left) and are measured separately by diode
detectors (bottom right) at each output of the filter bank.

A. Pressure Broadening
The 183GHz water molecule spectral line is commonly used

in weather satellites to observe vertical profiles of water vapor
in the atmosphere. Pressure broadening causes the emission
of water vapor in lower (and higher pressure) parts of the
atmosphere, to be ”broadened” several GHz away from the
183GHz rest frequency. While emission from water vapor in
the higher (and lower pressure) parts of the atmosphere stays
close to 183GHz. The broadening is caused as a resulted of
molecular collisions that are more likely at higher pressure and
temperature. As illustrated in figure 3, observations several
GHz away from the 183GHz line has emission only from
the lower part of the atmosphere while observation from near
183GHz has emission from both the higher and lower parts
of the atmosphere. Retrieving the humidity profile from the
measured spectrometer data is a non-linear fitting problem, or
inverse problem [5]. Pressure broadening, analyzed with care-
ful radiative transport simulations of the atmosphere, allows
the radiometer measurements to be converted to measurements
of atmospheric temperature. This is demonstrated in existing
codes such as the am code [6].

II. DESIGN

A. Spectrometer
To meet the goal of delivering a low volume, low power, and

high channel count millimeter-wave atmospheric spectrometer,
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Fig. 2. Demonstration of pressure broadened signal from water vapor 183GHz
spectral line as determined by atmospheric simulation. [6]

we have designed the following system. As illustrated in figure
3, light enters through a pyramidal feed horn, then is amplified
at broadband by two LNAs. Frequencies are then selected off
as the light travels through the filter-bank. Each channel of
the filter-bank terminates on a diode detector. The LNAs are
the only part of the spectrometer that require power, and the
instrument can be made exceedingly compact.

Fig. 3. Drawing of spectrometer system. Broadband signal enters the feed
horn, is then amplified by LNAs and finally divided by filter-bank. The filter-
bank is a passive component of directly milled metal based on a novel design.

B. Filter-Bank

The primary novel technology of our mm-wave spectrom-
eter is the filter-bank. The design for mm-wave filter-banks
presented here was developed at the ASU Astronomical In-
strumentation Lab and are described in more detail in [3] and
[4]. The filter-bank consists of a primary rectangular wave-
guide and tee coupling channels tuned to specific frequencies.
The channels are tuned by narrow coupling section then a
half-wavelength resonating cavity. A second narrow section
on the other end of the resonant cavity, defines the length
of resonance. The channel is then terminated by a detector.
The narrow sections have a cutoff frequency 50% higher than
the center frequency of the channel. The center frequency of
each channel is defined by the length of the resonant cavity,
while the bandwidth is defined by length of the narrow cutoff
sections. An example filter-bank is shown in figure 4. Multiple
five channel examples of this filter-bank have been designed

and modeled in HFSS with full 3D simulation, that include
effects from machining such as rounded corners on channels.
Larger channeled filter-banks have been modeled using a cas-
cading S-matrix approach. This is achieved by 3D simulating
each channels individually to get the 3 port S-matrix then
cascading the S-matrix of all the channels. This has been done
for a 54 channel filter with pass bands 135-170GHz and 190-
245GHz. Two prototypes of five channel filter-bank designs
have been fabricated and tested. The prototypes were drilled in
aluminum on a 5-micron tolerance CNC mill. One was made
in WR10 with for 80-105GHz [3], the other was made in WR5
for 156-203GHZ [4]. Testing was completed by sweeping
over injected frequency using a signal generator and recording
the voltage induced on diodes terminating the channels. The
results show broad agreement between simulation and testing.

Fig. 4. An example of the waveguide filter-bank concept. Broadband light
propagates through the waveguide and different frequency bands are selected
off of the main waveguide by the five channels.

III. TESTING

We have demonstrated our spectrometer technology with
a single-channel prototype system in a laboratory environ-
ment. For this demonstration, we connected two commercial
Radiometer Physics LNAs to the input port of the prototype
spectrometer tested in [4], and connected a Pacific Millimeter
Products GD diode detector to the 156 GHz output port. We
used laboratory SRS amplifiers to measure the detector signal.
We viewed ambient temperature and 77 K liquid nitrogen
loads to calibrate the system, then took over a minute of data
viewing the ambient temperature load to measure the noise.
We clearly observed the temperature signal in the radiometer,
and the measured noise performance shown in Figure 5. This
shows that the system is stable with no excess (i.e. 1/f) noise
detected down to the lowest clearly resolvable audio frequency
(∼ 50 mHz, or ∼ 20 seconds). This demonstrates that our
novel spectrometer maintains calibration and stability over the
long timescales required in microwave sounding observation.

Motivated by this successful laboratory demonstration, and
to set requirements for the amplifiers, detectors, and other
components, we developed a noise budget for the full sensor
system. First considering only the channel bandwidth and the
system temperature, the per-channel sensitivity NE(4)T is
set by the radiometer equation

NE(4)T = (Tscene + Tsys)/
√
BW, (1)

where Tscene is the incident signal and BW is the channel
bandwidth. Including noise contributions from other system
elements the noise is calculated to be 30.5 mK

√
s, close to
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the fundamental limit. For the 60 GHz channels, the forecast
is 40.5 mK

√
s. Our measured noise level of 230 mK

√
s is

close to the 80 mK/
√
s level our model forecast for our

prototype, with the difference due to insufficient gain in the
prototype amplifiers. This will be corrected easily in the
fielded instrument. Our laboratory demonstration proves the
feasibility of a radiometer based on waveguide filter bank
technology.

Fig. 5. Measured sensitivity (left) and passband (right) of a single-channel
prototype. This demonstrates the feasibility of our approach, and has excellent
noise stability (< 50 mHz, > 20 s).

IV. CONCLUSION

The CubeSounder mission was recently selected by the
NASA flight opportunities program to mature and flight test
this technology. We will fly a prototype spectrometer system
on a suborbital balloon platform to demonstrate the ability of
the technology to detect water vapor in the relevant environ-
ment.

At the start of the program, we will use our atmospheric
simulation pipeline to finalize the selection of frequency
channels and bandwidths to achieve optimum temperature and
humidity sensitivity. This will in turn let us finalize the design
of the detector readout electronics, and finalize the design of
the 60 GHz filter bank. This will lead to final circuit designs
and mechanical drawings of the payload, concluding with an
internal design review before fabrication. We will build the
flight control, power, and detector readout electronics. We will
also write flight control software for the embedded control PC,
and integrate the payload. Our first flight will use an existing
183 GHz spectrometer and LNAs to enable our first flight to
come relatively early in the program. The second flight will
re-use the recovered flight and detector readout systems, and
we will then integrate the 60 GHz sensor.

System testing in the laboratory will consist of using an am-
bient temperature/liquid nitrogen calibration target to measure
radiometer sensitivity and responsivity. At ASU, we already
have several Vector Network Analyzers (VNAs) and VNA
extensions up to 210+ GHz which we will use to measure the
optical efficiency of the spectrometer and the spectral passband
of each channel. Similar test results from our single-channel
prototype are shown in Figure 5. After verifying the sensitivity
of the integrated sensor payload, we will conclude the testing
by observing the atmosphere above the ASU campus. To verify
that our system will operate in the balloon environment, ASU
has a large thermal vacuum testing facility that has been
successfully used to test space and near-space hardware.

Flight testing is the key next step for CubeSounder tech-
nology. While laboratory testing has already shown the high
performance of our sensor technology, ground testing has sig-
nificant limitations. Crucially, ground testing does not enable
us to conclusively show that our technology performs well
in the balloon flight environment, and only permits limited
testing of system integration and autonomous operation. Also,
ground testing only permits imaging of a small part of the
atmosphere, limiting our ability to verify our sensor data by
comparing with known weather conditions.
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Abstract— Here we present the designs and preliminary results 

of an FPGA-based tone-tracking firmware that always maintains 
on-resonance probe tones in frequency multiplexed MKID arrays. 
The design of the firmware relies on the fact that resonators have 
a distinct phase shift at resonant frequency that remains invariant 
even as the resonance itself changes.  

Similar to proportional/derivative/integration (PID) digital 
controllers, the firmware compares phase feedback loops to 
resonant phase data collected before beginning observations. 
Using these phase comparisons, the tone-tracking algorithm can 
individually update each tone in the comb sent to an MKID array 
so that resonance is always known and maintained. In practice, 
this eliminates the need for mid-observation VNA sweeps and 
allows MKID-based cameras to reach their maximum dynamic 
range potential.   

The application of this tone-tracking firmware will drastically 
change the approach for reading out MKID arrays. We will 
conclude with a discussion on how other aspects of the readout 
system can be modified and simplified to accommodate tone-
tracking along with future NASA missions that hope to use the 
design. Finally, we look forward at the possibility of implementing 
tone-tracking firmware on the cutting-edge Xilinx RFSoC FPGA. 

I. INTRODUCTION 
ver the new millennium, microwave kinetic inductance 
detectors (MKIDs) have become a popular technology for 

use in mm and sub-mm astronomy. MKIDs function by 
cryogenically cooling certain metals at superconducting 
temperatures in order to create a resonator which changes in 
both resonant frequency and quality factor when exposed to 
incoming photons. By creating an array of these MKIDs, each 
with a unique resonant frequency, the entire system can be read 
out with a single transmission line using a method known as 
frequency multiplexing. Depending on the arrangement MKIDs 
can be used as pixels for both spatial and spectral deep-space 
cameras.  

 In order to frequency multiplex an MKID array, a comb of 
tones comprised of resonant frequencies must be sent down a 
single transmission line coupled to all the detectors. By reading 
the transmitted spectral phase and amplitude information, 
incident power on each of the MKID pixels can be determined. 
The simplicity of frequency multiplexing an MKID array is one 
of the major upsides of using the technology versus competing 
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detectors such as Transition Edge Sensors (TES) bolometers. 
Recently, the cutting-edge technology of MKIDs and the 

associated frequency multiplexing techniques have been flown 
on balloon missions such as OLIMPO and BLAST-TNG with 
reasonable success. The BLAST-TNG mission in particular 
managed to capture images of a far-infrared stellar source using 
MKID detectors before the early demise of the flight. The 
successful implementations of MKID technology as a means of 
ultra-high sensitivity detection shows great promise for the 
future of mm and sub-mm astronomy. Unfortunately, the 
growing use of MKIDs for astronomy has also illuminated 
certain problems with their implementation. Current readout 
techniques for MKIDs greatly reduce their theoretical dynamic 
range; an issue that needs to be remedied if KIDs are to continue 
their widespread use.   

 

 
Fig. 1. An exaggerated example depicting the diminishing returns of incident 
power on a KID. Increasing power returns smaller and smaller changes in 
amplitude until the difference between two modulated states is dominated by 
amplifier noise. As of now, the only correction possible is a time-intensive mid-
flight VNA sweep. 

 
The current readout technique for MKID arrays as stated 

earlier is through frequency-domain multiplexing (FDM). By 
tuning each element of the array to a slightly different resonant 
frequency, the phase and magnitude of each detector can be 
individually read out from the same signal line. For small 
amounts of incident power, this method of monitoring has 
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shown to be perfectly acceptable. However, problems begin to 
arise when there are very large changes to the incident power 
on the detectors.  

As the intensity of light interacting with a KID increases, the 
change in amplitude seen at port 2 (the output to the readout 
FPGA) begins to shrink rapidly. Once a KID is saturated with 
enough power, the change in transmission is small enough that 
it is lost in system noise, mainly due to amplifiers. Fig. 1 shows 
an exaggerated example of this difference in visibility. 
Attempting to read out useful information from a KID which is 
dominated by amplifier noise is a fruitless effort and the 
detector is dead weight until the issue is corrected. Currently, 
the only remedy for this problem is a time-consuming VNA 
sweep which occurs mid-flight and wastes precious observation 
time. Losing amplitude information to amplifier noise is not 
uncommon during flights and on the recent BLAST-TNG 
mission this problem occurred every few degrees when 
scanning the sky.  

The next NASA mission planning to use MKIDs as a means 
of deep-space detection is the Terahertz Intensity Mapper 
(TIM) balloon-borne telescope, led by a group at the University 
of Illinois in collaboration with a number of other research 
institutions. TIM aims to survey CII, OI, and OIII in 100 
galaxies to demystify many aspects of star formation while 
simultaneously producing deep tomographic maps of the 3-D 
structure of the universe. The architecture, spectrometer, and 
readout system of TIM is modeled from the BLAST-TNG 
mission that recently flew at McMurdo Base in 2019. Among 
the lessons learned from BLAST-TNG was the need for a more 
efficient method to overcome the KID dynamic range issue. 

II. MATERIALS AND METHODS 
The solution to the restricted dynamic range lies in the 

development of an FPGA-based firmware that constantly 
keeps track of the resonance frequencies of the MKIDs within 
an array. Therefore, rather than producing a static probe tone 
for each detector that is reset once information is lost, the 
tone-tracking firmware will constantly update the frequency of 
the probe tone to assure that it is always on resonance. This 
tone-tracking firmware can be accomplished with a feedback 
control system.  

The most important aspects of most control systems, known 
as the “invariant,” is a variable which in this case is 
independent of the incident power on the detectors. Invariant 
properties allow for a reference during feedback loops which 
allow the system to change relative to a stable value. 
Resonators have such a property due to their electrical length 
at resonance being zero. This means that regardless of incident 
power on a KID, the phase of a tone at resonance will never 
change (ignoring linear phase shifts from signal lines 
connected to the system).  

Since the goal of resonance tracking is to move a probe tone 
in frequency space rather than phase space, we require a linear 
conversion factor to change our phase feedback into frequency 
feedback. Luckily as seen in Fig. 2, resonators have a linear 
regime in the relationship between phase and frequency which 
can be measured quite simply.  
 

 

 
Fig. 2. A plot highlighting the linear regime in the phase/frequency relationship 
of a resonator in both the rest state and a modulated state. Previous applications 
of KIDs have confirmed that resonant frequency will not stray from this linear 
portion. While modulation of the KID causes changes in slope, the tone tracking 
system is designed in a way where these differences can be ignored. 
 

With the tools of an invariant and a conversion factor in 
hand, it is now possible to design an algorithm to track the 
resonant tone of a KID. Before observing, one can determine 
the original resonant frequency of the KID (fres0), the resonant 
phase (φ0) and the linear regime slope (∆φ/∆f). Once power 
falls on a KID, there will be a change in phase of (∆φ). Putting 
these together, it only takes a simple set of equations to reach 
our final goal of the new resonant phase (fres_new). 

 
(∆f/∆φ) ∗ ∆φ = ∆f                                    (1)	

 
f_res0 + ∆f = f_res_new           (2) 

 

 
Fig. 3. A graphical representation of the tone tracking algorithm. 
 
 Fig. 3 provides a graphical representation of the tone-
tracking algorithm and how it uses measurable quantities and 
known relationships to shift probe tones in response to changes 
in incident power on the detector. In digital control terms, the 
tone-tracking algorithm is a combination of a phase-locked loop 
(PLL) feedback-controlled with a proportional/integrative (PI) 
controller.  

The block diagram shown in Fig. 4 shows in more detail the 
tone-tracking algorithm for a single detector. Starting with a 
probe tone at the KID’s original resonant frequency, the signal 
is outputted by the digital to analog converter (DAC) and 
travels through the transmission line coupled to the KID. The 
affected tone then re-enters the FPGA by a digitizer (ADC) in 
quadrature and is multiplied with a complex conjugate of the 
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probe tone to mix down to DC. The phase of the DC signal is 
calculated and fed through a filter to remove small fluctuations. 
A differential is taken between the new phase and the resonant 
phase to find the keystone value of ∆φ. This differential is 
multiplied by the inverse slope of the estimated 
phase/frequency ratio to convert it to a differential frequency. 
Since there is lag time due to the length of the tone-tracker as 
well as uncertainty in the accuracy of the linear regime slope, 
this frequency difference (∆f) is scaled down considerably as to 
not “overshoot” the goal. The scaled down (∆f) is then added 
incrementally over multiple loops through the firmware to the 
original probe tone and inserted into a CORDIC wave generator 
to make a new probe tone closer to resonance. Finally, the probe 
tone exits the DAC and repeats the cycle until resonance is 
found and a phase differential of zero is achieved. 

 

 
Fig. 4. A block diagram of the single-channel tone-tracking algorithm firmware. 
The diagram can be interpreted as follows: 1. Probe tone leaves DAC and goes 
through observing KID 2. Resulting tone returns to the ADC and is mixed to 
DC 3. Phase of input is calculated and integrated 4. Differential is taken to find 
∆φ 5. ∆φ is scaled by estimated linear slope ratio 6. Differential frequency is 
added to original probe frequency 7. Probe tone is made with a CORDIC design 
and enters DAC 8. Return to step one and repeat 
 

III. SIMULATION AND RESULTS 
A firmware based on the algorithm explained in Fig. 4 was 

developed within the Simulink System Generator environment 
in MATLAB. The System Generator function of MATLAB’s 
Simulink is the steppingstone between the block diagram and 
usable firmware as it allows for graphical DSP design and 
converts the designs into a hardware defined language (HDL) 
compatible with FPGAs. While the structure of the firmware is 
similar to the block diagram, the digitizer we plan to use 
operates at twice the clock speed of the FPGA fabric and 
therefore two samples will be fed for every clock cycle on the 
FPGA. To account for this, a parallel design was created so that 
the tone-tracker can handle two samples at once. 

With proper handling, Simulink can also act as an extremely 
effective method of simulating firmware designs. To 
accomplish this, a sufficiently analogous “digital resonator” 
was developed within MATLAB and fed into the ports of the 
tone-tracking design. Simulations were executed starting at the 
simplest possible model, a simple resonance shift in a noiseless 
environment. Two shifts were used, one on the scale that is 
expected to be seen during observation and one significantly 

larger to stress test the algorithm. In the larger case, the 
algorithm found resonance on the order of 10 microsecond with 
a small overshoot. The smaller resonance shift was relocated in 
less than half the time with no oscillations. The time taken until 
a residual phase error of zero was reached can be seen in the 
plot in Fig. 5.  

 

 
Fig. 5. Noiseless simulation results of tone-tracking algorithm measuring the 
difference between the real-time phase and resonant phase. Zero means the tone 
is tracked. The first spike represents a large phase shift and a dampened 
oscillation is visible. The second bump is a much smaller and more realistic 
phase shift. 

 
For a more realistic scenario, white noise was added to the 

system and another set of tests was run, still using the same pair 
of large and small shifts. Fig. 6 shows these two simulated 
resonance shifts with an added white noise component. The 
tone tracking algorithm located the resonance in both cases on 
millisecond timescales with a negative-exponential-shaped 
curve. 

 

 
Fig. 6. Noisy simulation showing two simulated resonance shifts both finding 
the resonance on millisecond timescales. 

IV. DISCUSSION 
The results of the tone-tracking simulations, while seemingly 

trivial, are a fantastic milestone in proving the validity of the 
algorithm for locating resonant frequencies in-situ. The 
noiseless examples seen in Fig. 5 verify that the fundamental 
algorithm used is an effective control system for reducing phase 
error to zero. Tweaks to the weight of the integrative portion in 
the P.I. controller could improve the speed and accuracy even 
further.  

The noisy simulation in Fig. 6 is much closer to what will be 



31th International Symposium on Space THz Technology (ISSTT2020), Temp, Arizona, USA, April 8-11, 2020 
 

encountered during observation. The results of this test imply 
that the time required to relocate resonance is largely 
independent of the modulation magnitude. The negative 
exponential shape of the phase differential implies that noise 
will significantly increase the timescale of relocating 
resonances. However, the shape of the plot also shows that the 
integrative portion of the controller is effective in eliminating 
the overshooting seen in the noiseless simulations. In its current 
state, the noisy tone-tracker was able to relocate resonances on 
millisecond timescales. Detector sampling rates from BLAST-
TNG and other projects are on a similar millisecond timescale, 
confirming that the current tone-tracking algorithm is just fast 
enough to be effective in similar observation scenarios. 

V. CONCLUSION 
The ability to constantly track the resonant frequency of 

MKIDs in-situ has been desired for quite a while and the 
complexity of the problem speaks to why it still does not exist. 
Significant progress has been made over the past year in 
developing an FPGA-based tone-tracking system, but there is 
a great deal more to accomplish before it can be used in future 
MKID observations. 

Since correctly tuning bit growth of the signal through the 
firmware seems to be posing a considerable hurdle, a Python 
simulation imitating the algorithm is under development that 
will focus on where bit-widths can be reduced. By using a 
software testing environment instead of firmware simulations, 
we can drastically reduce the iteration time for perfecting bit-
propagation.  
 Furthermore, developing a firmware module which can read 
and update the tone-tracker in real time with the slope of the 
linear phase/frequency regime would greatly reduce the 
amount of time needed to relocate resonance. The current 
design for the tone-tracker can ignore the differences in these 
slopes by using very small iterative steps. By knowing the 
exact slopes, step size towards the new resonance can be 
maximized without overshooting and therefore reduce the 
number of clock cycles needed. 
 With the above steps completed, a single-channel version of 
a tone-tracking algorithm can finally be compiled and 
uploaded to an FPGA for tests on room temperature resonators 
and eventually cooled MKIDs. Once the single-channel design 
finds success, the firmware will be expanded to its full 
1024/2048 channel form for use in MKID arrays. Finally, all 
designs, software, and firmware modules will be uploaded to 
GitHub and made open source for others to use and modify so 
that MKIDs can continue their rising popularity in the 
astronomy community 
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Abstract— Arizona State University’s radio 
astronomy lab has developed several cutting edge 
custom low-noise amplifiers (LNAs) over the past 
year. These LNAs cover a range of bandwidths and 
operate at room and cryogenic temperatures. Here 
we present one of the custom LNAs that is a 
multichannel, high-gain amplifier for use at 
baseband frequencies in terahertz heterodyne 
receivers. The LNA has wide a bandwidth of 0.1-3 
GHz, low noise (NF < 1 dB) and an impressive gain of 
90 dB. This LNA uses cost-effective, commercially 
available components and is packaged for easy 
integration into receivers in a custom compact 
enclosure that divides each channel into three 
isolated compartments to prevent crosstalk and 
oscillations. A combination of Silicon Germanium 
(SiGe) HBT and Gallium Arsenide (GaAs) HEMT 
transistors have been used to achieve the desired 
performance levels. A bias-dependent gain flatness of 
less than +/- 1 dB has been measured on the 0.5-3 
GHz band. Power consumption per channel ranges 
from 195.5 mW at 90 dB of gain down to 71.5 mW at 
80 dB of gain while maintaining state-of-the-art levels 
of power dissipation.  

 
 

Index Terms—Baseband, Cryogenic, High Gain, LNA, Low 
Noise Amplifier, Wideband 
 

I. INTRODUCTION 
 or the past decade Arizona State University (ASU) 
has been on the cutting edge of custom made 

cryogenic low noise amplifiers (LNA). The standard 
LNA’s built have a frequency range of 10MHz to 2GHz 
and 0.5GHz to 3GHz. Both yield a gain of 30dB at 
relatively low power consumption (300K: P2GHz = 
~40mW, 10K: P2GHz = ~13mW; 300K: P3GHz = ~70mW, 
10K: P3GHz = ~10mW).  This LNA was a custom build, 
created for a project called Comets Observation & 
Mapping Terahertz Spectrometer (COMETS), a 
 

 

Terahertz Mapping spectrometer satellite. The project is 
led by NASA JPL [1].  The LNA uses commercially off 
the shelf components to achieve its high gain flatness. 
 

II. MATERIALS & METHODS 
Using commercially off the shelf components, from the 
standard LNAs that are built at ASU, such as Silicon 
Germanium (SiGe) Heterojunction Bipolar Transistor 
(HBT), Gallium Arsenide (GaAs) High Electron 
Mobility Transistor (HEMT) and gold wire bonds, were 
chosen to achieve these performance levels. A 
bandwidth of 0.1 to 3GHz and a noise factor of ˂1 that 
has a bias dependent gain flatness of ±1 dB. Each 
channel is separated into three compartments in a 
custom designed compact enclosure. Its noise 
temperature is ~80K at room temperature and can be 
easily integrated as an effective IF amplifier for 
terahertz receivers. 
 

 
Fig 1. Shows the 8 channels and their individual and separated amplifier 
PCB’s.   
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III. RESULTS 

 
Figure 1 plots the gain through the amplifier at three 

separate biases. At full bias (~195.5 mW per channel), a 
stable 90 dB gain was continuous across the entire 
bandwidth with a gain flatness of (+/-) 1 dB.  The lowest 
bias tested (~71.5 mW per channel) still was able to 
maintain 80 dB of gain across the bandwidth with a 
similarly impressive gain flatness. The LNA can be 
biased between these power levels as well for 
intermediate gain.  

 
 

Fig. 3.  A plot of the S11 vs Frequency. As Seen, S11 Is below -5 dB across the 
0.5 to 3 GHz span. 

 

Fig. 4.  Isolation across the 8 channels of the amplifier show that there is no 
crosstalk. 
 

Fig. 5.  A plot of the S22 vs Frequency. Seen, is the amplifier around -10 dB 
with partial spikes showing up barely exceeding -5 dB 
 
 

Referring to figure 2, we see the gain (S21), with ±1 
dB gain flatness. Figure 3, shows the amplifier’s 
reflection (S11), which stays below -10 dB from 0 to 
about 2 GHz, but stays below -7 dB from 0 to 3 GHz. 
Figure 4, illustrates that there is negligible crosstalk 
between the 8 channels of the amplifier when all channels 
are powered at the same time. Last we have figure 5; 
showing the reflection at the tail end of the amplifier 
measurement (S22), which stays below -10 dB with a few 
spikes here and there that barely exceed -5 dB.   

 
 

IV. DISCUSSION/CONCLUSION 
The data has come to fruition through days of design 

and testing using a 10K cryostat and off the shelf 
components. After significant designing, building, and 
testing, the JPL COMETS LNA has fulfilled all 
intended goals. What was achieved was a bias 
dependent amplifier whose frequency spans from 0.1 to 
3 GHz and has a flatness of ±1 dB. It can achieve 90 dB 

 

Fig. 2.  S-parameters showing the bias dependency and the gain flatness for 
Ultra High Gain Low Distortion Cryogenic Low Noise Amplifier 
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of gain at relatively low power consumption. The 
minimum power that was tested was 71.5 mW yielding 
80 dB of gain and the max at 195.5 mW yielding 90 dB 
of Gain. With a noise temperature tested at room 
temperature is at ~80K and the believed noise factor is 
<1. 

Future endeavors for this amplifier, is to build several 
stand-alone single channel versions to show 
repeatability not only among the gain but also with the 
P1dB and IP3. To see the amplifier in use, a similar 
amplifier will be used for ASTHROS. 
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Characterization of Cryogenic Flexible Transmission
Lines Designed for the GUSTO IF Harness

Marko Neric, Hamdi Mani, Thomas Mozdzen, and Chris Groppi

Abstract—Cryogenic flexible printed circuit ribbons based
on stripline transmission lines have been custom designed,
fabricated, and characterized for an upcoming NASA Class-D
balloon mission. The Galactic/Extragalactic Ultra-Long Duration
Balloon (ULDB) Spectroscopic Terahertz Observatory (GUSTO)
will make use of 8-channel flex ribbons to transmit Intermediate
Frequency (IF) from 0.3-4 GHz while at cryogenic temperatures
and in flight. In this configuration one individual flexible ribbon
can replace up to 8 semi-rigid SS-SS coaxial cables that are
20 inches in length. The GUSTO focal plane array consists
of 24 pixels that would otherwise require an equal number
of coaxial cables. Similar performance can be achieved using
only 3 sets of flex ribbons, each of which is comprised of two
circuits in series. This will not only reduce the weight and form
factor of the IF harness, but also provide improved thermal
performance. The ground planes of the flex circuit have been
reduced to minimize heat transfer into a cryogenic system which
can extend mission lifetime by mitigating coolant boil off. Each
channel of the flex circuit conducts a quarter of the heat that a
coaxial cable would. To accommodate the unique design of the
GUSTO cryostat three pairs of flex ribbons will be RF coupled
to provide the necessary length and shape for routing between
IF components. Flex circuits were designed with a staggered
array of SMP type press on connectors instead of SMA which
makes coupling 8 channels achievable in one easy maneuver.
The circuits can be clamped together to prevent separation in
flight or other high vibration conditions all in less time than
it would take to install coax. All RF testing was done using a
closed cycle vacuum cryogenic station with the test bed held at
20 K. Each pair of flex ribbons was thermally coupled to the
20 K stage. The flexible transmission lines showed an average
insertion loss of 3.07 dB/ft at 5 GHz, while the industry standard
SS-SS UT-85 coax loss is 2.80 dB/ft. The GUSTO IF system
will use state of the art ASU cryogenic low noise amplifiers to
more than make up for the higher insertion loss. Any future
systems that can correct for, or accept the additional loss will
benefit more from the other features of the flex circuit design.
The custom made cryogenic flexible transmission lines are still
the preferred method of signal transmission for applications that
require complex routing, lightweight components with small form
factor, easy assembly, lower heat transfer, and flexibility.

Index Terms—RF, Cryogenics, Transmission Lines.

I. INTRODUCTION

THE intermediate frequency (IF) harness of the Galac-
tic/Extragalactic Ultra-Long Duration Balloon Spectro-

scopic Terahertz Observatory (GUSTO)[1] has been designed,
fabricated, and characterized. GUSTO is a NASA balloon
mission that will observe THz signals from within the Milky
Way and the Large Magellanic Cloud. GUSTO will have a 24

M. Neric, H. Mani, T. Mozdzen, and C. Groppi are with the School of
Earth and Space Exploration, Arizona State University, Tempe, AZ, 85287
USA e-mail: mneric@asu.edu.

pixel focal plane made up of three separate 8 pixel arrays. Each
array is housed inside the same vacuum cryogenic system. The
IF harness must transmit the signals of 24 independent pixels
from within the cryogenic station to an outside interface.

Two choices for a harness were considered. The first was
24 sets of stainless steel - stainless steel (SS-SS) semi rigid
coaxial cables. The benefits of semi-rigid coax include their
well characterized performance, and their repeated use in
commercial and space applications which gives coax a long
heritage. Stainless steel is often chosen for transmission in
and out of vacuum cryogenic systems due to its low thermal
conductivity despite more signal loss than alternatives. The
drawbacks to using coax become more evident as the pixel
count in an instrument increases. The resulting increase in
pixels requires an increase in transmission lines. For a system
using coax this means each cable must be individually installed
to the same specifications. This increases the risk of individual
failure while also increasing the overall form factor of the
harness and installation time. The industry standard SS-SS
semi rigid coax is UT-085 which has an outer diameter of
0.087”. Smaller cables than this are available but tend to be
more fragile and higher in loss. Semi-rigid cables can be more
difficult to route through a cryogenic system since they cannot
accommodate paths with sharp turns or some narrow spacing.
It often becomes necessary to install hermetic vacuum feed-
through adaptors at several points within a cryostat to complete
the harness which further increases the number of coax lines
and potential areas of failure.

The second option considered was to make the IF harness
using ASU cryogenic flexible transmission line ribbons[2].
The ASU flex ribbons use a stripline design as a base and can
incorporate several channels in a single ribbon. A prototype
8-channel ribbon was designed previously with the GUSTO
mission in mind and to test key features that would give the
flex ribbons an edge over coax. The prototypes were 8-channel
circuits in either a straight ribbon or a curved ribbon to test
the effects of in-plane turns on the individual channels. Each
prototype had a width of 1.1”, and a total length of 20”. The
ribbons were populated with press on connectors that allow
fast an easy connections. They can be custom designed to meet
the specific routing needs of the mission without significant
signal loss. The prototypes achieved similar RF performance
to coax, and transfer significantly less heat into the cryogenic
system which has a limited supply of coolant. The drawbacks
to this approach are that the best RF performance is achieved
when the ribbon is at cryogenic temperatures, and that is still
slightly higher in signal loss than SS-SS coax. Low noise
amplifiers can be used to boost the IF signals to make up
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for the slightly higher loss of the flex ribbons. The custom
ribbons can meet the unique routing needs of the GUSTO
mission without requiring alterations to the cryostat itself. For
the above reasons the decision moving forward was to build
a harness out of flexible ribbons.

II. DESIGN

The limiting size of the individual flexible ribbons is the
size of the panel which the flexible printed circuit material is
made from. These have a working area of about 18” x 20”.
To mitigate cost it is advantageous to fit as many flexible
ribbons on the same panel as possible. The average length
of GUSTO’s IF bands is 3.30 feet and each band takes a
different path inside the cryostat. Due to these constraints a
single ribbon could not comprise the entire harness. Instead
each of the three IF bands is made of two flex ribbons. One
ribbon designated a ”cold” circuit because it is held closest
to the 20 K stage of the cryostat, and the other known as the
”warm” circuit which would interface with the outside of the
cryostat. The cryostat designed for the GUSTO mission had
a particularly challenging path the IF harness needed to go
through. The flexible transmission lines were custom designed
with short in-plane turn radii (inside radius no less than 1”).
This resulted in 6 uniquely shaped ribbons. Figure 1 shows the
GUSTO cryostat and the installed IF bands. Figure 2 shows
the reference design for one of the ”cold” circuits.

Fig. 1. This image of the GUSTO cryostat demonstrates how complex the
routing of the IF harness will be. The custom designed flex circuits are shown
as bands 1-3. Flexible transmission lines simplify the install process since the
ribbons snap together to complete 8 signal paths whereas the same system
would have needed a minimum of 24 discrete semi-rigid coaxial cables for
the task.

For each band the ribbons required two points of contact
with the cryostat. This is made possible by small 0.50” x
0.50” copper heat-sinking tabs that can be directly soldered
to. The operating temperature for the GUSTO mission is a 20
K - 300 K gradient and using both heat-sinking tabs helps
maintain this. Each ribbon is an eight-channel transmission
line with the connections staggered so they can connect to
one another. DELTA Electronics smooth-bore SMP press-on
connectors were chosen because of their small form factor
and low retaining forces. Limited or full detent versions may
also be used, however their higher mate/de-mate force may
reduce the lifetime of a ribbon after repeated use. The eight
smooth-bore connections are sufficient to hold the flex circuits

Fig. 2. Drawing of an individual custom flex circuit cable. There are two
per band, and three bands total within the IF harness. Each circuit has a
unique shape in order to facilitate the complex routing within the GUSTO
cryostat. Visible in this drawing is a small heat-sinking tab that can be directly
soldered to. Each band has two tabs that can be attached to separate stages
of the cryostat for temperature control. Also visible are fastener holes used to
secure the circuit on one end. Copper is shown in yellow, the kapton substrate
is in red, and the top layer of soldermask is shown in grey. The yellow copper
stripes that follow the path of the substrate are copper ground planes necesary
for stripline transmision. These are not the signal traces themselves. The signal
traces are burried under the substrate layer.

together, however a clamp may be used for added security.
Fastener tabs like the one shown in figure 2 may be used for
this purpose.

The copper grounding planes on top and bottom of the
flex circuit are required by the stripline. The overall metal
content on both sides of the ribbon has been reduced to narrow
0.015” strips. This pattern lets the individual channels behave
as a stripline and reduces overall heat transfer in and out of
the system. Copper has a high thermal conductivity of 401
WK−1m−1 compared to that of stainless-steel which is 16.3
WK−1m−1. Reducing the metal content of the flex ribbon
drastically changes the cross sectional area of conducting
metal. The result is that a single channel of the flex ribbon
conducts 25% of the heat a UT-085 SS coax cable would.

The ribbons can be bonded to custom made vacuum flanges
to break out of the cryostat. Prototype circuits were potted
directly to modified Aluminum KF flanges using commercial
scotch weld epoxy adhesive. The adhesive can be applied
directly to to the circuit. As mentioned above and as shown
in Figure 2, there is a reduced copper ground plane on top
and bottom of the flex ribbon. This exposes the layer of
kapton underneath. Bonding the ribbon to a vacuum flange
over the substrate has been tested and shows no degraded
performance. The aluminum flanges were helium leak checked
to test their vacuum. No leaks were detected. The flanges were
then thermally cycled, and leaked tested again with no leaks
detected.

The flex ribbons designed for the GUSTO mission had a
solid copper plane where the vacuum flange was to be potted.
The vacuum flange was to be a modified stainless-steel CF
flange commonly used in high vacuum instruments. The first
set of ”warm” circuits were bonded to the CF flanges and
vacuum tested. No leaks were present at the time of the initial
leak check. The circuits were than thermally cycled for a
temperature range of -40 C to +60 C for a total of six cycles.
The bonded circuits were then leak tested again to make sure
the adhesive held together. This time unfortunately two out of
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the three circuits registered an air leak above tolerance. The
leak occurred at the interface between flange and adhesive.

A second set of modified CF flanges were made and this
time the surfaces were prepared differently before bonding.
The flange was bead-blasted to give it an abrasive surface
that the scotch weld might better adhere to. Industrial grade
chemical solvents were used to clean the CF flange of any ma-
chine oils or other contaminants that would prevent complete
adhesion. The CF flanges were also cleaned using mineral
spirits and isopropyl alcohol in a sonic bath. Test circuits were
bonded to the cleaned flanges. Initial leak testing found no
leaks. The flanges were thermal cycled and tested again, just
as before, two out of three flanges were observed to leak. The
leak was again detected on the interface between flange and
adhesive. The flex circuit itself is not believed to be the source
of the leak.

It is unclear whether or not the leak is a result of the thermal
cycling method (i.e. time dependence of thermal cycles) or if
the chosen adhesive does not retain its bond with stainless-
steel surfaces due to a mismatch in expansion coefficients.
Aluminum flanges have not had any leaks. Due to costs of
aluminum CF flanges to replace the stainless-steel ones for
GUSTO, and the time constraints of the mission, an alternate
break-out scheme was designed. A CF flange with 8 hermetic
feed through adapters will be used as the outside interface.
The flex ribbons will reach this flange and a series of short
coax lines will serve as the interconnects between flange and
ribbon.

The boards were designed at ASU and fabricated by Coast-
To-Coast circuits. The SMP press-on connectors were assem-
bled and DC tested at GMA Manufacturing. Cryogenic and
RF testing was done at ASU.

III. RESULTS

A closed cycle vacuum cryogenic 10 K test bed was used
to characterize the IF harness. All RF measurements were
done using a Rhode & Schwarz ZVA 24 Vector Network
Analyzer (VNA) that was certified calibrated and following a
pre-approved test plan. The VNA test port power was set to 0
dBm, with 10x averaging and an IF frequency of 100 Hz. The
measurement bandwidth was 0.1 - 6 GHz which encompasses
the 0.3 - 4 GHz operating frequencies the IF harness will see
during its mission. Due to the limiting size of the test bed only
one band could be tested at a time.

The cryostat interface was a custom made bulkhead plate
with four hermetic SMA feed-through adapters. Short mini
circuits SMA-SMP UT-47 coax cables were used to transition
from the bulkhead to the flex ribbon. Earlier tests were done
using small flex ribbon segmants specifically made to serve
as adapters for the flex circuit interface. The change to coax
was done to better reflect the in flight conditions. These coaxial
adapters were not heat-sunk and therefor closer to the ambient
temperature outside the cryostat. In order to de-embed their
effects from the flex ribbon room temperature measurement of
the mini-circuits cables were recorded. The room temperature
data was then subtracted from the cryogenic result at all
frequency points. Four total bulkhead adapters were used in

each measurement so all eight channels of the IF harness could
be reached in a single cool-down. Measuring all eight channels
at once saves time by reducing the number of cryogenic cycles
per band. This also means that the environmental conditions
inside the test bed remained unchanged for each ribbon.

The two flex ribbons of each band were fastened together
using a clamp and then installed on the 10 K stage of
the cryogenic test bed. One heat-sinking tab was thermally
coupled to the 10 K stage. There was insufficient space to
couple the second tab of any band and still be able to connect
the flex ribbon to the cryostat output. This resulted in a much
higher temperature gradient through the flex ribbon than the
likely temperature profile it will have in flight. Thus all results
presented are worse than expected for the actual mission.
When the ribbon is fully installed a temperature sensor is
placed in contact with the circuit at the heatsinking tab. Two
resistor heaters were attached to the 10 K stage.

The test bed can reach ∼ 10 K temperatures in just
under three hours. The system was run until a stable 10 K
temperature was achieved, and the heaters were slowly dialed
up so the cold plate temperature would stay above 20 K as is
expected during the GUSTO mission. RF measurements were
taken to test the signal transmission, reflections, and isolation
or cross-talk. After a band was measured the heaters, and
cryogenic station were turned off. The system was brought
back to ambient room temperatures overnight without the use
of heaters. Figure 3 is a plot of the average s-parameters of
all three bands with an average band length of 3.3 feet.

Fig. 3. Average s-parameters of all three IF bands are shown. The cryogenic
testing was done with one end of the band held near 300 K and the other end
held at 20 K. The average length of each band is 3.3 ft. At 5 GHz frequency
the average loss per band is 3.07 dB/ft which exceeds design specifications.
The cross-talk between adjacent channels is below -60 dB for nearly the whole
bandwidth which also exceeds the specifications. There are no requirements
for the reflection, however a value below -15 dB is usually desirable in RF
applications.

The design specifications for the GUSTO IF harness were:
IF bandwidth of 0.3 - 4 GHz, a signal loss no greater than
6.00 dB per 20 ” length of harness at 5 GHz frequency, and
30 dB or more of isolation between channels. As shown in
figure 3, the average loss of all three bands is 5.12 dB per 20”
length. The measured cross-talk shows greater than 60 dB of
isolation between channels for nearly the entire IF bandwidth.
The circuits were measured from 0.1 - 6 GHz. Having met all
specs the IF harness has been delivered for integration with
remaining flight hardware.
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IV. CONCLUSION

The GUSTO mission will showcase several of the best
features and abilities of the ASU cryogenic flex ribbons.
Upcoming instruments that have a high pixel count, compli-
cated or limited routing space, and have need of compact
and lightweight solutions for their IF system will benefit
from using the ASU flex ribbon. The lessons learned from
the GUSTO mission will drive further innovation of the flex
ribbon that already offers comparable performance to industry
standard semi-rigid coax with other measurable benefits. The
ASU flex ribbon exceeds all design specifications that were
set for the GUSTO mission. They achieve a bandwidth that
includes 0.3 - 4 GHz with an insertion loss at cryogenic
temperatures that is 3.07 dB/ft and Isolation much greater than
30 dB over the entire bandwidth.
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NOTES: 

 

We report a novel, spatial beam filter using two elliptical 
silicon (Si) lenses,  mounted back to back, between which 
there is an opening aperture, to produce a Gaussian beam at 
4 THz.  The two Si lenses with a diameter of 10 mm have an 
antireflection coating layer, while the opening aperture is a 
circular hole on a thin Au layer defined on a double-side 
polished Si wafer.  A mechanical lens holder is introduced to 
allow for aligning the 1st lens, the Si chip (with the aperture), 
and the 2nd lens as an integrated beam filter with an accuracy 
of 1 m along their optical axis. 

We demonstrate experimentally that such a back-to-back 
Si lens beam filter works using a 3.8 THz quantum cascade 
laser (QCL) as the source. We have shown that : 
 

a) When the back-to-back Si lens has no aperture, 
namely only a bare Si wafer sitting between the two 
lenses, we obtained the transmission of a Gaussian 
beam through the system to be 72.5% 1%, which 
agrees to the simulation (77%) by COMSOL 
Multiphysics. 

b) With an input beam of non-Gaussian profile (see 
Fig.1), and with an aperture, the back-to-back lens 
system shows an output beam with a Gaussicity of 
>98% and  a transmission of 35-50 % from the input 
beam. The results are illustrated in Figure 1.   

 
We are currently adjusting the aperture sizes and also input 
beams to optimize the performance of the beam filter. The 
ultimate goal of this research is to realize an ideal LO source 
for heterodyne arrays at supra-THz frequencies by 
combining  a spatial beam filter with a QCL. An LO with an 
ideal Gaussian beam is crucial for optical system designs  
and for reducing stray light in practice.  
 
A back-to-back Si lens beam filter is an alternative to the 
back-to-back (corrugated) metallic feedhorn approaches [1], 
which are known to be extremely difficult to be fabricated at 
the THz frequencies and also expensive. Furthermore,  the 
latter has also a narrow bandwidth.   
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                                          (a) 

 
                     (b)                                           (c) 
Fig. 1. (a) The schematic of the back to back lens system. Two 

Si lenses are used to focus and collimate the incoming beam, and 
an opening aperture defined by the gold layer on the Si wafer is 
used to filter non-Gaussian components; (b) The 3D profile of 
the input beam,  generated by a 3.8 THz QCL and collimated by 
a Polyethylene lens; (c) The 3D profile of the output beam from 
the back-to-back lens and aperture system. Compared to the 
input beam, the output beam has a nearly perfect Gaussian 
profile,  with 99.8 % Gaussicity. 
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NOTES: 

  

Radiofrequency (RF) switches are commonly used for 

the calibration of radioastronomy microwave instruments 

[1]. Optical systems, based on moving mirrors, are 

generally preferred when approaching the THz frequency 

range, due to the challenges to fabricate waveguide-based 

switches at such high frequencies. 

One of the main challenges for the fabrication of THz 

waveguide components is their reduced size, in the 

micrometer range, which makes most traditional machining 

techniques highly unreliable for such applications. Silicon 

micromachining has been demonstrated to be a promising 

alternative for the fabrication of THz waveguide 

components [2], [3]. 

The authors recently demonstrated a silicon micromachined 

turnstile orthomode transducer [2] that could replace the 

bulky wire-grid polarizers currently used above the sub-

millimeter wave range in many receiver architectures [1]. 

Here, we present a waveguide-integrated single pole double 

throw (SPDT) microelectromechanical system (MEMS) 

switch. This novel switch concept is based on a 

reconfigurable MEMS surface [3] that separates a 

 
Fig. 1.  On/load switch concept showing: (a) 3D drawing of the 

structure, (b) cross-section of the micromachined wafers (not to 

scale), (c) simulated performance, and (d) SEM image of the 

fabricated prototype.  
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stack of two hybrid couplers, see Fig. 1a, b.    

The SPDT switch can be used for receiver calibration by 

loading one of the outputs of the switch with an integrated 

micromachined absorber. This configuration provides the 

ability to switch between an ‘ON’ state and a ‘LOAD’ state 

in the receiver. The simulated RF performance for both 

states is depicted in Fig. 1c.  

The design of the switch is based on a stack of four 

micromachined chips. A cross-section of the chip stack is 

shown in Fig. 1b. The top and bottom chips include stepped 

impedance transformers, and E-plane bends to feed the in-

plane micromachined waveguides. The signal is then split 

by an H-plane hybrid coupler that feeds the two MEMS 

reconfigurable surfaces. When the surfaces are in the open 

state, the signal is routed to the lower chip and recombined 

by the second coupler into the output port; if the surfaces 

are in the closed state, the signal is reflected and 

recombined in the loaded port. More information about the 

MEMS reconfigurable surface can be found in [3].     

The fabrication of the SPDT switch is based on the 

multistep deep reactive ion etching (DRIE) technique 

described in [2], and on the waveguide-integrated MEMS 

technology described in [3]. Fig. 1d shows a scanning 

electron microscope (SEM) image of a fabricated 

prototype. After micromachining, the four silicon chips are 

gold-sputtered, and thermal compression bonded. 

 The SPDT switch in the ON/LOAD configuration, 

designed for 340 GHz, shows a simulated insertion loss in 

the ‘ON’ state of 0.5 dB with a return loss better than 20dB. 

In the ‘LOAD’ state, the predicted return loss is better than 

20dB with isolation better than 30dB. A more complex 

architecture with several calibration loads could also be 

implemented by integrating additional cascaded switches in 

the same chip.   
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Abstract— This paper describes the experiments that have been 

used to characterize dielectric samples applicable for a low-loss 
vacuum window at 300 GHz. The complex refractive indices of the 
samples were measured with a Quasi-Optical Vector Network 
Analyzer (QO-VNA). The loss tangents were further confirmed 
with the Method of Intersecting Lines using a Superconductor-
Insulator-Superconductor (SIS) receiver. Finally, leak rates of the 
samples were compared using long term monitoring on a small 
vacuum chamber. 
 

Index Terms—Dielectric materials, dielectric measurements, 
superconductor-insulator-superconductor (SIS) receivers, sub-
millimeter wave technology, vacuum window.  

I. INTRODUCTION 
ACUUM windows form an important component for 
ultra-low noise submillimeter cryogenic receivers. Recent 

developments in receiver technology have driven the quest for 
wide aperture, low-loss, broadband, and reliable vacuum 
windows. Although there exists a wealth of information in the 
literature on the electrical and mechanical properties of 
different dielectric materials, the aim of our work is to explore 
new material and to confirm the properties of material from 
different vendors.  

Future wideband Submillimeter Array (wSMA) receivers [1] 
require windows with a clear aperture diameter of 105 mm, 
covering an octave frequency range centered at 300 GHz. Large 
format receivers for Cosmic Microwave Background (CMB) 
observations necessitate windows with much larger diameter 
[2]. Quartz windows in use for the SMA receivers and ALMA 
offer only narrow band coverage and are somewhat smaller in 
size. That is why our focus is on thin but relatively strong 
window material that can be coated with an effective anti-
reflection (AR) coating.  

II. QUASI-OPTICAL VECTOR NETWORK ANALYZER  
We have set up a Quasi-Optical Vector Analyzer (QO-VNA), 

operating between 210 and 370 GHz, to measure the complex 
refractive indices of different materials. Fig. 1 shows the QO-
VNA set up. The material under test is placed on the sample 
holder, attached to a translation stage located between two 90-
degree off-axis parabolic mirrors with focal lengths of 50.8 mm. 

 
1K. Carter and C. E. Tong are with Center for Astrophysics | Harvard & 

Smithsonian, Cambridge, MA 02138, USA. (Email: kearaj.carter@gmail.com) 
2J. Connors is with National Institute of Standards & Technology, CO 

80305, USA. 

Efforts are made to ensure the sample is as flat and 
perpendicular to the incoming wave as possible. A bi- 
directional coupler on the source side uses harmonic mixers to 
monitor the amplitude and phase of the incident wave as well 
as the reflected wave for reflection measurements. The 
transmitted wave is measured by another harmonic mixer 
connected to the receiving horn. To reduce back reflections 
from the receiving horn and harmonic mixer, a reflective 
neutral density filter, which acts as an attenuator (of  -12.5 dB 
at 300 GHz), is placed between the sample holder and the 
receiving mirror at a roughly 45-degree angle. Fundamental 
Gaussian analysis of this setup shows that the beam waist, 
where the wave front is planar, is located very close to the 
sample holder. The value of the beam waist radius is about 12 
mm. 

 
Fig. 1.  210-370 GHz QO-VNA setup. The sample holder is placed midway 

between a pair of off-axis parabolic mirrors. A partially reflective mesh, placed 
at 45o to the optics path, is put behind the sample holder for transmission 
measurements. 
 

In order to derive the refractive index, a pair of transmission 
measurements are made using the QO-VNA: one with no 
sample and one with the sample under test mounted in the 
sample holder. The complex ratio of these two vector 
measurements, R, describes the geometric series of multiple 
reflections and loss, and can be written as follows [3]: 

 

𝑅 =
𝑆$%
&'()*+

𝑆$%,-./
=
(1 − Γ$)𝑒67(86%)9:;

1 − Γ$𝑒67$89:; 	 (1) 

 
In the above equation, G is the reflection coefficient at the 

interface between air and the sample, the reflective index of 
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which is n. n is a complex quantity, and its imaginary part is 
related to the loss tangent (tan 𝛿) of the material.  

 

𝑛 = 𝑛B − 𝑗𝑛" = 𝑛′(1 − 𝑗
tan𝛿
2 ) (2) 

 
In a first order approximation, the phase of the complex ratio 

R varies linearly with frequency, and n’ can be derived from the 
slope. The imaginary part of n can also be extracted from a plot 
of the magnitude of R vs. frequency, provided that the sample 
is thick enough to present measurable losses for the QO-VNA, 
the threshold of which is 0.1 – 0.2 dB. Once an approximate 
value is established for n’ and n”, a final round of complex data 
fitting yields the final experimental value of n together with an 
estimation of experimental errors. The measured refractive 
indices and loss tangents of selected materials are listed in Table 
1. 

TABLE 1 
REFRACTIVE INDICES AND LOSS TANGENTS OF SELECTED 

MATERIALS MEASURED WITH A QO-VNA 
Material Refractive 

Index, n 
𝑡𝑎𝑛𝜕
× 106L 

High Density Polyethylene 
(HDPE) 

1.5327 ± 0.0005 0.6 ± 0.1 

Honeywell Spectra 
(Dyneema) 

1.552 ± 0.001 1.4 ± 0.3 

Polypropylene (PP) 1.502 ± 0.001 0.5 ± 0.3 
Polystyrene (PS) 1.594 ± 0.007 3 ± 1 
Polytetrafluorethylene 
(PTFE) 

1.434 ± 0.001  

PREPERM 225 1.605 ± 0.005 6 ± 1 
Polymethylpentene (TPX) 1.45 ± 0.01  
Ultra-High Molecular Wt. 
Polyethylene (UHMW-PE) 

1.515 ± 0.002  

Z- Cut Crystalline Quartz 2.107 ± 0.002  

Zitex G-108 1.22 ± 0.02  

III. METHOD OF INTERSECTING LINES 
The loss tangent of selected materials measured with the QO-

VNA have been confirmed with an in-situ loss measurement 
using the Method of Intersecting Lines with an SIS receiver. 
This method was first proposed by Blundell [4]. Using the 
procedure outlined in [5], Y-factor measurements are 
performed using hot and cold loads for a range of Local 
Oscillator (LO) levels. From this, the equivalent input noise 
temperature of the RF input section of the receiver can be 
derived. Repeating this procedure with the sample placed close 
to the vacuum window of the SIS receiver yields a new input 
noise temperature; the difference between the pair of measured 
input noise temperatures is directly proportional to the insertion 
loss due to the sample, which is accurate down to about 1%. 
Since this is a more sensitive method, we were able to measure 
thinner samples, the thicknesses of which are closer to what we 
will likely use for a vacuum window. Results utilizing this 
technique are comparable to those obtained with the QO-VNA 

for thicker samples. These results are included in Table 2.  
 

TABLE 2 
INSERTION LOSS AND LOSS TANGENTS OF SELECTED MATERIALS 

MEASURED WITH THE METHOD OF INTERSECTING LINES 
Material Thickness 

(mm) 
Loss (%) 𝑡𝑎𝑛𝜕

× 106L 
High Density 
Polyethylene 
(HDPE) 

2.37 1.3 ± 0.2 0.9 ± 0.2 

Honeywell Spectra 
(Dyneema) 

1.84 4.7 ± 0.07 3.2 ± 0.1 

Polypropylene (PP) 1.48 1.1 ± 0.3 0.8 ± 0.2 
Z- Cut Crystalline 
Quartz 

4.97 1.1 ± 0.03  0.5 ± 0.1 

IV. LEAK RATE TESTS 
We have also conducted vacuum leak rate tests of some 

selected material samples using a small chamber with a 51 mm 
diameter aperture. The vacuum window sample under test is 
pressed against the aperture O-ring, and a vacuum pump, 
connected to a shut valve, evacuates the chamber. Once a 
desirable base pressure is reached, the shut valve is closed and 
a pressure gauge monitors the rising internal pressure. Fig. 2 
shows the results of the conducted leak-rate measurements, 
which is a relative measure of how effective the sample 
functions as a vacuum window. 

 

 
Fig. 2.  Leak testing of various plastic materials on a 51mm diameter 

aperture vacuum chamber over a 0.8 hour time span.   

V. CONCLUSION 
Using the QO-VNA, we were able to determine the refractive 

indices and loss tangents of a variety of materials at around 300 
GHz. The insertion losses of a number of sample windows have 
also been measured using the Method of Intersecting Lines with 
an SIS receiver. We have started to study the mechanical 
properties of these materials, including the leak rate and tensile 
modulus. Final selection of a window design will be a function 
of the refractive index, loss, mechanical strength, and the ease 
in which an effective anti-reflection coating can be 
implemented on the material. 
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NOTES: 

 

Detecting water on other planets and heavenly bodies has 

been a long time goal of NASA. High-resolution heterodyne 

spectrometers are well suited to carry out such 

measurements. It can be used to detect unique molecular 

signatures, such as water molecules, with a high spectral 

resolution and precision over a wide range of wavelengths. 

 Calibration of the spectrometer is one of the critical 

aspect for such systems and typically a flip-mirror based 

calibration scheme is used to switch the signal between the 

antenna and the load for calibration of the receiver. Silicon-

based radio frequency micro-electromechanical systems 

(RF MEMS) waveguide switches can be used for the same 

task, and take significantly less volume, mass and energy.  

RF MEMS have shown to be compatible with waveguide 

components for submillimeter wave applications, since 

silicon micromachining allows for fabrication of 3D 

geometries, micrometer sized features, and high-aspect-ratio 

structures. In the past few years, waveguide components 

such as tunable capacitors, phase shifters, and waveguide 

switches have emerged for THz applications. Specifically, 

MEMS waveguide switches operating at frequencies from 

400 GHz up to 750 GHz have been reported, with a 460 GHz 

single-pole double-throw waveguide switch demonstrated 

[1, 2]. 

To the best of the authors knowledge, all of the MEMS 

waveguide switches, developed to-date need electrical and 

mechanical contacts to block the wave, creating issues such 

as mechanical stress/stiction, poor life time, and if cycled 

many times, problems with ohmic contact resistance can 

arise. A contactless in-plane MEMS waveguide switch 

would therefore be greatly beneficial for THz applications. 

In this paper, we present a contactless rotating MEMS 

waveguide switch operating between 500-750 GHz.  

The switch has a U-bend waveguide attached to a rotating 

MEMS motor, as shown in Fig. 1a. The U-bend switches 

between connecting the Receiver (1) and the Antenna (2), or 

the Receiver (1) and the Load (3). By surrounding the U-

bend waveguide with an electromagnetic bandgap (EBG) 

surface, the opposing waveguides do not need to be in 

contact with each other.  

Simulations show that if there is a 10 m air gap between 

 
1 Jet Propulsion Laboratory, California Institute of Technology,  

Pasadena, CA 91109, USA.   
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the U-bend and the opposing waveguides, the isolation is 

larger than 30 dB, the insertion loss is less than 0.6 dB 

throughout the in-band, and the return loss at the receiver is 

larger than 25 dB between 500-722 GHz, and larger than 

23 dB throughout the in-band. 

 
Fig. 1.  a) A schematic of the MEMS motor with its four arms, 

defined in the 50m device layer of a SOI wafer, acting as levers 

to rotate the U-bend between two positions. The U-bend is 

surrounded by an EBG surface to confine the wave without any 

electrical contact to the opposing waveguides. b) The fabricated 

MEMS motor, shows a 5° rotation while actuated. 

 

The MEMS motor has four arms that can be actuated to 

move together, both clockwise and counter clockwise. The 

MEMS motor was fabricated using an SOI 

(50m/2m/380m) wafer. The rotating motor is defined 

in the 50m device layer, while the U-bend waveguide is 

defined in the 380m handle layer. The U-bend waveguide 

needs to move 9° to switch between the two positions. The 

MEMS motor was measured to move up to +5°, Fig. 1b. 

The research described herein was carried out at the Jet 

Propulsion Laboratory, California Institute of Technology, 

Pasadena, California, USA, under contract with National 

Aeronautics and Space Administration.   
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Abstract—The Submillimeter Array (SMA) was conceived three 

decades ago as the world’s first submillimeter interferometer 
capable of sub-arcsecond imaging in the frequency range from 200 
to 700 GHz. Since it began full science operations in 2004 it has 
been continuously upgraded with new receiver cartridges, 
expanded intermediate frequency (IF) bandwidth, and augmented 
polarimetric and dual frequency observing modes. The next step 
in the development of the SMA is called the wideband 
Submillimeter Array (wSMA). The wSMA upgrade will replace 
the original SMA cryostats, receivers, and receiver selection optics 
with all new systems, and incorporate a number of major upgrades 
to the backend IF signal transport and correlator systems. This 
will enable the wSMA to operate with 32 GHz instantaneous 
bandwidth per receiver polarization, and will form the basis of 
future development efforts. 

Index Terms—Radio astronomy, submillimeter astronomy, 
instrumentation, submillimeter receivers. 

 

I. INTRODUCTION 
HE SMA began full science operations in 2004 with a suite 
of double side band (DSB) SIS mixer receivers operating 

in the 230, 345, and 690 GHz bands [2].  The 345 and 690 GHz 
receiver sets were co-polarized and could be used in 
conjunction with the 230 GHz receiver sets, which were 
operated in the orthogonal polarization. Each of the receivers 
had a 2 GHz-wide IF bandwidth and a purpose-built ASIC 
correlator combined the signals from the different antenna pairs 
for a total processed on-sky bandwidth of 2 polarizations x 2 
sidebands x 2 GHz = 8 GHz. 

Incremental improvements to the receivers and the addition 
of 240 GHz and 400 GHz band receivers that overlap with the 
original 230 GHz and 345 GHz bands on opposite polarizations, 
coupled with the development and deployment of a new 
correlator, have resulted in significant improvements in 
sensitivity, chiefly through increased on-sky bandwidth, and the 
addition of polarimetric imaging capabilities. The total 
processed on-sky bandwidth is currently 48 GHz, as the DSB 
receivers now provide output across a 12 GHz wide IF band (4–
16 GHz) and the sidebands are separated in the correlator. The 
additional correlator capacity to process this bandwidth is 
currently being commissioned. 

 
The Submillimeter Array is a joint project between the Smithsonian 

Astrophysical Observatory and the Academia Sinica Institute of Astronomy and 
Astrophysics and is funded by the Smithsonian Institution and the Academia 
Sinica. 

Following these improvements, the next step in the ongoing 
development of the SMA will be to replace the original receiver 
cryostats and receiver selection optics with all-new hardware 
[3]. A major impetus for this upgrade is the need to replace the 
aging cryogenic systems, which are no longer supported by the 
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TABLE 1 
SMA VS WSMA RECEIVER SPECIFICATIONS 

 SMA wSMA 

Receiver 
Bands 
(LO Tuning, 
factors from 
phase lock 
loop 
frequency) 

200  186-242 GHz, 
×2 multiplication 
240: 210-270 GHz, 
×3 multiplication 
300: 271-349 GHz, 
×3 multiplication 
400: 330-420 GHz, 
×4 multiplication 

230: 210-270 GHz, 
×3 multiplication 
345: 280-360 GHz, 
×3 multiplication 

Polarization Two single 
polarized receivers 
from two groups 
(200+300, 240+400)  
45° to elevation 
axis. 

Dual polarized 
receivers 
45° to elevation 
axis. 

Receiver 
Selections 

200 + 240 
200 + 400 
300 + 240 
300 + 400 

230 dual polarized 
345 dual polarized 
230 pol 1  
+ 345 pol 2 
(with wire grid) 
230 dual pol  
+ 345 dual pol 
(with dichroic, 
limited tunings) 

IF Band 4-16 GHz 0.1-4 GHz  
+ 4-16 GHz 
(possible expansion 
to 20 GHz) 

Comparison of the current receiver configuration of the SMA (as of May 2020) 
and the proposed wSMA receiver configuration. 

The receivers offer good performance over a wider range of sky frequencies 
than the local oscillator (LO tuning ranges shown in this table. However, 
performance at the extreme edges of the accessible sky frequencies is not 
guaranteed. 
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manufacturer. This necessary replacement provides an 
opportunity to redesign the receiver systems to take advantage 
of recent developments in submillimeter receiver design, to 
make provision for future receiver developments, and to 
optimize the receiver systems for the key science goals of the 
SMA for the coming decade [4]. 

A side-by-side comparison of the main receiver 
specifications for the current SMA and the wSMA is given in 
Table 1. 

The increased receiver IF bandwidth, improved throughput 
due to the reduced use of room temperature and transmissive 
optics, incremental improvements to our SIS mixer 
performance, and improved coalignment of the orthogonal 
polarization beams on the sky introduced by this upgrade are 
expected to result in a significant improvement in the sensitivity 
of the SMA, as well as improved instrumental polarization and 
efficiency for polarimetric observations, and improved 
reliability of the receiver systems. 

The upgrades to the wSMA receiver and other systems will 
also serve as a basis for future development of the SMA. The 
wSMA receiver system has been designed to allow the future 
development and deployment of sideband-separating receivers, 
and upgrades to even wider IF bandwidths, while the upgrades 
to the IF/LO signal transport system will provide 
communication capacity for digital IF transmission and other 
advancements. 

One particular feature of the wSMA cryostat and optics 
design is the availability of space and an optical port to allow 
the installation of additional “guest” receivers alongside the 
wSMA receivers. It is envisioned that these guest receiver 
positions could be used to demonstrate new receiver 
technologies in an interferometer environment (e.g. multi-beam 
receivers or receivers using new frontend technologies), or to 
deploy specialized receivers for dedicated observing 
campaigns. 

In this paper, we give an update on the status of the wSMA 
upgrade, describe the wSMA receiver systems, and present the 
key receiver technology developments that are part of the 
upgrade. We also present current developments for improving 
the calibration of the SMA/wSMA, incorporating a sky 
frequency dependent system noise temperature measure. 

II. THE WSMA RECEIVER UPGRADE  
The replacement of the SMA receivers, receiver optics, and 

cryogenics with a completely new receiver system is the major 
element of the wSMA upgrade. The existing receiver system is 
shown in Fig. 1, and consists of the receiver optics cage, 
mounted on top of the receiver cryostat, with the whole stack 
supported from the floor of the antenna cabin. The receiver 
optics cage mates to the “M456” plate that carries the SMA 
beam waveguide, made up of M4, M5 and M6, and the 
calibration load unit. This plate is supported in the receiver 
cabin by a beam across the cabin. 

The new wSMA receiver system will replace everything 
between the M456 plate and the cabin floor (Fig. 2). The new 
cryostat will be aligned to the M456 plate by an alignment 
structure on top of the cryostat, and will be mechanically 
supported from the cabin floor by a sprung support that will 
ensure that the alignment structure is in compression at all 
times. 

The new wSMA receiver cryostats will each house two dual 
polarization receiver cartridges, operating in two frequency 
bands; a low band with a local oscillator (LO) frequency from 

 
Fig. 2.  wSMA Receiver cryostat (vacuum shell in pink), support structure and 
alignment structure in the SMA receiver cabin (existing structures are 
transparent). Rendering courtesy of HPD Inc. 
 

 

 
Fig. 1.  SMA receiver and receiver optics cage in an SMA antenna, circa 2005. 
(with John Barrett and SMA Director Raymond Blundell). The SMA beam 
waveguide mirrors M6 and M5 are visible at the top of the image, with the 
optics cage containing the moving wire grid and mirror combiners below the 
cross-beam. The cryostat is below the optics cage, with the receiver electronics 
“cheeks” mounted around it. 
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210 to 270 GHz, and a high band with an LO frequency from 
280 to 360 GHz. The receiver system will operate with an IF of 
0.1 – 16 GHz (potentially expanding to 0.1–20 GHz at a later 
time), giving additional frequency coverage outside of the LO 
tuning ranges so that continuous coverage will be obtained from 
~194 to ~374 GHz. The tuning range of the wSMA receivers is 
shown in Fig. 3. The receivers will deliver 16 GHz bandwidth 
per polarization per sideband, for a total of 2x2x16 = 64 GHz 
of processed on-sky bandwidth. 

The current room temperature receiver selection optics will 
be replaced with a receiver selector wheel internal to the 
cryostat and mounted on the 50 K radiation shield. This will 
allow the incoming beam to be directed to either individual 
receiver cartridge for dual polarization single band observing, 
or to split the orthogonal polarizations of the incoming beam 
between the receiver cartridges for dual band observing. A 
fourth position of the selector wheel will be available for a 
future cold dichroic beamsplitter to allow dual-band, dual-
polarization observing. 

Each wSMA receiver cartridge will use a single dual-
polarized feedhorn and an orthomode transducer feeding two 
DSB SIS mixers to receive the two polarizations. The local 
oscillator signal will use waveguide LO injection in the 4 K 
receiver front-end module.  

A. Receiver cryostat 
The wSMA receiver cryostat (Fig. 4) will hold the two 

receiver cartridges, the cold receiver selection optics and a cold 
calibration load. The cryostat will be cooled by a Cryomech PT-
407RM or PT-410RM pulse-tube cooler driven by a variable 
frequency compressor unit. In contrast to the Gifford-
McMahon backed Joule-Thomson coolers used in the current 
SMA cryostats, the remote motor pulse-tube cooler has no 
moving parts within the cryostat, and so should be significantly 
simpler to maintain. 

The two receiver cartridges will be inserted from the base of 
the cryostat, with all receiver wiring, IF signal cables, and LO 
waveguides passing along the receiver cartridge to the receiver 
front-end. Thermal connections to the receiver cartridges will 
be via automatic thermal links. Installing a receiver cartridge 
should not require any connections to be made inside the 
cryostat. 

The detailed cryostat design and fabrication of two prototype 
cryostats is being carried out by HPD Inc. (Boulder, CO). The 
design of the prototype cryostats has been completed, and the 
two prototype cryostats are now undergoing testing at HPD Inc. 
before delivery later this summer. Fig. 5 shows photographs of 
the prototype cryostat and receiver cartridge.  

After acceptance tests, one prototype cryostat will be used to 
integrate and test wSMA receiver prototypes in the SMA 
Receiver Lab in Cambridge, MA, while the other will be 
shipped to the SMA site on Maunakea for fit and compatibility 
testing in an SMA antenna. 

B. Receiver optical design 
The quasioptical beam from the telescope is fed to both 

receiver cartridges via a single vacuum window and IR filter. 
Inside the cryostat, the beam is folded through 90° before 

 
Fig. 5.  Photographs of one of the two prototype cryostats under construction 
at HPD Inc. (left) Complete cryostat on the support structure, with the cryostat 
vacuum jacket lowered and radiation shields removed to allow access to the 
cryostat internals. The alignment structure that positions the cryostat with 
respect to the SMA beam waveguide is in place on top of the cryostat, with the 
optical alignment telescope used for checking the alignment of the cryostat 
optics at the very top of the image. (center) Zoom in on the cryostat internals. 
The pulse tube cooler can be seen on the left of the image, with one of the two 
receiver cartridges front and center. (right) Receiver cartridge, with the return 
mirror used to test optical alignment in place. Photographs courtesy of HPD 
Inc. 
 

 

 
 
Fig. 4.  Cut-away CAD renderings of the wSMA cryostat, showing the cryostat 
structure and the optical layout (optical path highlighted in blue on the left 
image). Renderings courtesy of HPD Inc. 
 

 

 
Fig. 3.  wSMA receiver bands sky frequency coverage, overlaid on Maunakea 
sky transmission for the best 50%, 25% and 10% weather. 
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reaching the receiver selector wheel. The selector wheel is a 
four-position wheel driven by a cryogenic stepper motor which 
can position one of four optical elements in the incoming beam. 
By choosing between an open port, a plane mirror and a wire 
grid, one or both linear polarizations of the incoming beam can 
be fed to either receiver cartridge. See Fig. 4, (left) and Fig. 6, 
(right) for illustrations of the optical layout. 

The fourth position of the selector wheel will be used at a 
later time for a cold dichroic beamsplitter, to allow both 
polarizations to be fed to the two receiver channels 
simultaneously. Due to the close spacing in frequency of the 
two receiver bands, the receiver tunings available with the 
dichroic splitter will likely be limited to the lower end of the 
Low receiver and the upper end of the High receiver bands. This 
would allow, for example, the CO(1–2) and CO(2–3) lines at 
230 GHz and 345 GHz to observed simultaneously in both 
polarizations, but will not allow the full frequency coverage of 
each receiver to be used. 

From the selector wheel, the beam passes to the receiver 
optics on each receiver cartridge, consisting of a clamshell 
mirror pair that focuses the incoming beam on to the feed horns 
of the receiver front ends. Details of the cryostat and receiver 
optical design are given in [5]. 

The fold mirror and selector wheel optics inside the cryostat 
are mounted on the top plate of the cryostat radiation shield, and 
cooled to ~60 K. The receiver optics and receiver front end are 
mounted to the top of the receiver cartridges on sprung “floating 
4 K plates” which are thermally strapped to the receiver 
cartridge cold plate that is in turn thermally linked via the 
automatic thermal link to the cryostat second stage cold plate. 
The floating part of the receiver cartridge is aligned on receiver 
insertion by a G10 structure that mates via a kinematic interface 
to the radiation shield top plate. The cryostat radiation shield 
top plate thus effectively serves as an optical bench that controls 
the alignment between all of the cooled optics and feeds. 

C. Receiver cartridge and front-end design 
Each wSMA receiver cartridge (Fig. 7, left) carries the 

receiver optics and a single front-end receiver module on the 
floating 4K plate, and up to four IF LNA/isolator amplifier 
modules on the underside of the fixed 4K plate. 

The front-end receiver module (Fig. 7, right) consists of a 

single dual-polarized feedhorn and an orthomode transducer 
(OMT) feeding two DSB SIS mixers to receive the two 
polarizations. The local oscillator signals are coupled in to the 
signals from the OMT outputs through hybrid 
waveguide/planar circuit directional couplers and the combined 
signals are then fed to double-sideband SIS mixers. 

The SIS mixers are an evolution of the wide IF band SIS 
mixer designs currently in use on the SMA. The design of these 
mixers is discussed in [6]. 

For the wSMA, we are proposing to incorporate a split IF 
output scheme to allow an IF output band from 0.1 GHz to 16 
GHz or even higher. This scheme was discussed in [7], and uses 
a diplexer as the first element in the IF circuit, which splits the 
IF signal from the SIS mixer into two channels. The main 4–16 
GHz IF channel will use a similar cryogenic isolator and Low 
Noise Factory InP HEMT LNA to that used on the SMA. The 
0.1–4 GHz IF channel will be amplified by a cryogenic SiGe 
LNA. After amplification, the two IF channels will be brought 
out of the cryostat and independently transported and 
processed. 

The front-end module (Fig. 7, lower right) will be 
constructed from a few integrated blocks. The profiled 
corrugated feed will be electroformed, and mounted on to the 
OMT-coupler module. The OMT and LO waveguide coupler 
will be built as an integrated module, with two mixer modules 
mounted on the outputs. The IF diplexer and bias tee for the SIS 
mixer will be built into the “readout box” module mounted on 
sides of the two mixer modules. 

Further details of the front-end receiver design and the design 
and prototyping of the various components of the front-end are 
given in [8]. 

Local oscillator signals are injected into the signal path by 
waveguide directional couplers. The LO signals are fed to the 
front-end from the Receiver Cartridge vacuum flange using 
overmoded WR-10 stainless steel waveguides. The local 
oscillator units will be mounted to the outside of the Receiver 
Cartridge vacuum flange. 

 
 
Fig. 6.  (left) CAD rendering of the cryostat fold mirror and selector wheel 
supported from the upper vacuum plate and upper radiation shield plate of the 
cryostat. Rendering courtesy of HPD Inc. (right) GRASP model of the cryostat 
and receiver optics showing the Gaussian beam envelopes as the beams from 
each receiver feed pass through the receiver optics, selector wheel, fold mirror, 
and IR filter and vacuum window apertures. 
 

 
 

 
Fig. 7.  (left) CAD rendering of populated wSMA receiver cartridge, with LO 
module installed. (upper right) Schematic of the wSMA receiver frontend, and 
(lower right) CAD rendering of a wSMA receiver frontend module.  
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Both receiver bands will use LO sources based on amplifier-
multiplier chains (AMC) driven by voltage-controlled oscillator 
(VCO) fundamental sources. After multiplication and 
amplification of the fundamental signal to W-band, a small 
portion of the generated signal is coupled out to a harmonic 
mixer and phase-lock loop system, which locks the LO signal 
to the master reference generator signals generated in the SMA 
control building and transmitted to all the antennas. The final 
multiplication to the receiver LO frequencies is then carried out 
by a x3 multiplier, after which the signal level is controlled by 
an optically controlled silicon chip attenuator [9]. 

Achieving IF operation down to 0.1 GHz will require 
significant care in the design of the AMCs in order to control 
excess LO sideband noise and ensure that it does not adversely 
affect receiver noise temperatures at low IF’s. Some of the 
design procedures for our AMC LOs are discussed in [10]. 

Initially the two receiver bands will use somewhat different 
LO schemes. The 230 band receiver will use two independent 
LO AMC chains, one for each polarization, while the High band 
receiver will use a single LO AMC chain, with a power splitter 
and independent attenuators just outside the cryostat to drive 
the two polarization channels. 

The ability to independently tune the two polarizations of the 
Low band receiver will be particularly useful for spectral line 
surveys, allowing near continuous frequency coverage over 64 
GHz of bandwidth in the 194–286 GHz frequency range 
accessible by the Low band receiver. The High band frequency 
band is divided approximately in half by the deep atmospheric 
absorption line at 325 GHz. This line makes split tuning of the 
two polarization channels less useful for this band. With IF 
operation from 0.1–16 GHz, almost the entire useful 
atmospheric window between the 325 GHz and 380 GHz water 
vapor lines can be accessed with a single LO tuning. The High 
band LO units can easily be upgraded to dual AMCs with 
independent operation at a later date. 

III. UPGRADES TO OTHER SYSTEMS 
Fully utilizing the capabilities offered by the upgraded 

wSMA receivers also requires upgrading a number of other 
systems, particularly in the IF signal transport and correlator for 
the array. 

1) IF/LO Signal Transport 
The wider 16 GHz IF bandwidth being deployed now, and 

specified for the wSMA receivers, requires that the current 
analog RF-over-fiber based IF signal transport system be 
certified to handle that bandwidth. 

A number of microwave components in the IF signal 
processing systems in the both the antennas and control 
building’s correlator room have been upgraded to 18 GHz or 
higher components. The Ortel RF-over-fiber 
receiver/transmitter pairs operating at 1310 nm have been 
checked for performance to 16 GHz, and the few units 
performing below requirements were replaced with spares.  

The entire IF signal transport system is now ready for 4–16 
GHz analog RF-over-fiber operation. This capability is being 
used for the current commissioning of the 12–16 GHz IF 
expansion. 

The proposed 0.1–4 GHz low IF expansion will also be 
transmitted over the same analog fiber links, either recombined 
into the existing channel; or transmitted on an adjacent CWDM 
channel, with a separate IF processor in the antenna cabin.  

Currently the SMA transmits the Master Reference 
Generator signals for each of the two active receiver’s LO 
references by multiplexing them onto the same analog RF-over-
fiber link. This means that care must be taken when choosing 
tunings to avoid interference between the two MRG signals. As 
part of the reconfiguration of the IF for the wSMA upgrade, 
these two signals will be separated onto different WDM optical 
channels, removing the possibility of interference between 
them. 

2) Correlator Expansion 
Expanding the SMA’s IF bandwidth to 4–16 GHz 

necessitates building more correlator capacity to handle this 
additional bandwidth. The expansion of the SWARM correlator 
[11] to handle the additional 12–16 GHz IF band is mostly 
complete, with two additional SWARM segments (originally 
called quadrants, but now six in number) currently being 
commissioned, each handling 2 GHz of bandwidth from both 
receiver channels. Additional block down-convertors have been 
purchased and installed, and the final steps in software 
deployment and science verification of the expanded correlator 
are now being undertaken. 

Further expansion to handle the 0.1–4 GHz IF band is being 
planned. We expect to test the split IF system over a limited 
bandwidth on several SMA receivers during the latter part of 
this year, with an additional block downconverter, using the 
spare SWARM ROACH components that have recently been 
purchased. The full deployment of the 0.1–4 GHz IF band will 
occur alongside the wSMA receiver deployment.  

3) Proposed next generation correlator development 
With the deployment of wSMA receivers capable of wider IF 

bandwidths, from 0.1 to at least 20 GHz IF, and simultaneous 
operation of four receiver channels (dual receiver, dual 
polarization) at the same time using a dichroic splitter, a new 
correlator and IF signal transport concept is required to make 
use of the full capabilities of the receivers. 

Concepts for a “next generation SWARM” correlator are 
currently being developed. Such a system will likely digitize the 
IF signals in the antenna cabins before transmitting data packets 
over high speed Ethernet links running over multiple DWDM 
optical fiber channels. Such a system would take advantage of 
the recent developments in extremely high speed Ethernet links 
for the general telecoms industry, and the signal transport 
would be based on commercial off-the-shelf technology. 

IF digitization in the cabin and transmission via packetized 
networks on the SMA would be an enabling development for 
future receiver upgrades, including deployment of wide IF band 
sideband separating receivers, and multi-beam and other guest 
receivers, both of which require significantly increased 
flexibility in the IF signal transport and processing. 

IV. WIDEBAND CALIBRATION 
With a wide instantaneous bandwidth, as high as ~20%, the 

system gain and sensitivity can vary significantly as a function 
of observing frequency. In addition, for a double-sideband 
system, the sideband ratio can vary with IF frequency. 
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Effective use of a wide-band heterodyne instrument requires 
knowing the system gain and sensitivity as a function of sky 
frequency, so that appropriate weightings can be assigned to 
frequency channels, and for accurate determination of spectral 
line ratios for different lines that appear within the bandwidth 
of the receivers. 

For the current expansion of the SMA to 4–16 GHz IF 
observations, we have developed and deployed “scanning 
spectrometer” instruments to each of the SMA antennas. Each 
scanning spectrometer can determine the DSB system 
temperature (Tsys) and relative gain of the two active receiver 
channels as a function of IF frequency by recording spectrally 
resolved IF power measurements on the SMA’s ambient 
calibration load and on the sky. 

The system diagram of a scanning spectrometer is shown in 
Fig. 8. Each scanning spectrometer signal chain consists of a 
variable gain amplifier and power amplifier for gain control, a 
Yttrium iron garnet (YIG) tuned filter with 25 MHz bandwidth 
that can be swept from 2–26 GHz, a detector diode and DC 
amplifier, and a Raspberry Pi controlled ADC/DAC unit. By 

sweeping the YIG filter, a DSB IF spectrum can be recorded 
across the current 4–16 GHz IF bandwidth of the SMA in 
around one second. 

In normal observations, an IF spectrum is taken on the 
ambient load every time it is inserted for routine calibrations. 
While observing the (colder than ambient) sky, IF spectra are 
taken continuously at a rate at least as fast as the SMA’s 
correlator integration rate. The Tsys of each receiver as a 
function of IF can thus be determined for each of the 
integrations during an observation, using the usual Y-factor 
method. An example of the scanning spectrometer data for one 
observation and receiver is shown in Fig. 9. 

Since the SMA correlator separates the visibilities from the 
DSB receivers into two sidebands via Walsh switching, ideally 
we would like to determine a sideband-separated Tsys to 
correctly calibrate the sideband-separated visibilities. The 
broad bandwidth of the SMA typically encompasses a number 
of strong ozone lines, which in principle provide enough 
predictable spectral structure to retrieve a low-resolution 
sideband-separated spectral Tsys from the scanning spectrometer 
data. 

The scanning spectrometer system is currently undergoing 
testing and integration into the SMA data acquisition system. It 
is expected that data from the scanning spectrometer system 
will be available when the SWARM correlator’s 12–16 GHz 
extension comes online for routine observations later this year. 

V. WSMA DEPLOYMENT TIMELINE 
Development and deployment of the wSMA upgrade will 

take several years. Over the next year, we expect to receive the 
two prototype cryostats, test fit one to an SMA antenna, and 
integrate prototype front-end receivers in the prototype 
cryostats, before placing an order for the full complement of 
production cryostats. At the same time, numerous 

 
Fig. 9.  Scanning spectrometer DSB Tsys data for one frequency recorded 
during a test observation. Vertical lines in the data correspond to stratospheric 
ozone lines in one of the two sidebands. Sharp horizontal lines correspond to 
rapid changes in the telescope pointing to switch to flux calibration and 
pointing targets, while slow variations track changes in atmospheric conditions 
and observation target elevation. 
 

 

 

 
Fig. 8. Top: System diagram of a scanning spectrometer, and Bottom: 
photograph of the internal construction of a scanning spectrometer. RxA and 
RxB inputs (top left in photo) are connected to the two IF signal paths of the 
SMA, with one of the two operating receivers feeding each signal chain. The 
Raspberry Pi computer (under interface board on bottom left) controls the gain 
of the first amplifier and the tuning of the YIG filter, records the detector diode 
output, and outputs it to the SMA’s control system. 
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developments will be tested and deployed on the SMA, 
including the Raspberry Pi based controllers for receiver optics 
and local oscillator units, software upgrades, and IF/LO signal 
transport upgrades.  

Some initial elements of this upgrade program have already 
been completed, and are due to be released for production 
observing later this year. In particular, the expansion of the 
SMA IF bandwidth to cover an additional 4 GHz of bandwidth 
in the 12–16 GHz range is currently undergoing final science 
verification before being offered to observers in the next 
semester on a shared-risk basis. The scanning spectrometer 
systems are mostly deployed, and should be available at the 
same time. 

Following the testing of the prototype receivers and 
cryostats, we expect that it will take 2–3 years to receive, 
integrate and deploy the wSMA receiver systems to all SMA 
antennas. To upgrade each antenna, the antenna must be taken 
into the SMA hangar to remove the existing receiver and other 
ancillary systems, to carry out scheduled maintenance of the 
antenna, and to fit the new receivers and support systems. After 
this, significant testing will be needed to verify the performance 
and calibration of the new receivers before the antenna can be 
incorporated into the SMA for regular array observations. 

Throughout this transition period, compatibility between the 
upgraded and unmodified antennas will need to be maintained. 
To do this, we will limit normal science observations to the 
range of frequencies (sky and IF) that are common to both sets 
of antennas. The polarization basis for the new receivers has 
been chosen to match that of the existing receiver cartridges, 
and careful selection of receiver combinations and MRG 
frequencies will be required to successfully operate the two 
receiver types together. 

Following the upgrade of all (or most) antennas and science 
verification, the extra capabilities of the wSMA will be 
available to all SMA observers.  
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NOTES: 

  

Coherent focal plane array receivers are employed in 
radio astronomical observations for imaging celestial objects 
with extended structures, whose size is much larger than the 
angular size of the telescope beam. However, in 
mm/sub-mm regime the complexity of coherent receiver 
frontends, which are conventionally constructed with metal 
waveguide circuits, imposes a limit on the number of pixels 
arrayed in the focal plane of a radio telescope and results in a 
narrow field of view. We have been developing a conceptual 
solution to enable compact focal plane heterodyne detector 
arrays with SIS mixers for wide field-of-view astronomical 
observation at mm and sub-mm wavelengths. The key ideas 
of this concept include (1) the exploitation of planar 
integrated circuits (ICs) to allow the use of compact planar 
orthomode transducers and hybrid bridge used in a balanced 
configuration (either a balanced mixer or sideband 
separation mixer); (2) the adoption of a 
semi-two-dimensional buried-in LO distribution network; 
and (3) the implementation of LO coupling between the LO 
distribution network and the mixer ICs by using 
membrane-borne waveguide probes. We have demonstrated 
the feasibility of THz superconducting integrated circuits 
with a single-pixel prototype receiver [1-2].  

After that, we have been working on the development of a 
compact 4-beam horn-coupled dual-polarization balanced 
SIS mixer based on aforementioned ICs operating at 2 mm 
wavelengths. This experiment complements the conceptual 
study by demonstrating a fully functioning array with 
implementing all the key ideas in the concept. A photo of the 
receiver frontend is shown in Fig. 1. The lateral size of the 
frontend is limited by the horns and can be further smaller if 
the aperture size of the horn antenna reduces. This 
compactness is not achievable with the conventional 
integration method.  

This presentation reports the uniformity of the LO 
distribution, followed by the RF performance of the array 
receiver. Moreover, a comparison is made between the 
performance of a mixer in the array context and that in a 
single-pixel mixer block. With this prototype receiver, the 
experimental methods and issues that are unique to a densely 
clustered SIS multibeam receiver are investigated.  
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Fig. 1.  Photo of the 4-beam mixer holder mounted inside the 

testing cryostat. Signals of 2 mm wavelengths are coupled through 
four corrugated horns attached at the upper side. The single LO 
injection port is seen at the near-side of the block. IF/DC are 
conducted by using 16 coaxial cables. 
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NOTES: 

  

Three tuning parameters are key to SIS mixer 
performance: SIS bias voltage, LO pumping level and 
Josephson current suppression. The former two are 
normally determined by an iterative optimization process, 
although there are a couple of pitfalls. The suppression of 
the Josephson current, however, is a much more 
complicated matter. This is especially the case in the high-
current-density AlN-barrier junctions that populate most of 
the ALMA Band 9 receivers (600-720 GHz), as these tend 
to show hysteretic or multiple-regime behavior for the 
Josephson current suppression as a function of external 
applied magnetic field. The Band 9 mixers have other 
issues, intrinsic to the device physics, as well: since the gap 
frequency of niobium (~680 GHz) lies within the band, 
tuning structures get progressively lossy, with a strong 
dependence on the magnetic field around the point where 
the superconducting order parameter collapses. Also, the 
Band 9 junctions use a Al-AlN-Nb trilayer on top of Nb, 
which means that the superconductivity of the bottom Al 
layer (with a native Tc of around 1K) is purely induced by 
the proximity effect, also introducing a strong magnetic 
field effect. Together, these effects indicate that one should 
strive for the lowest possible magnetic Josephson 
suppression field in order to obtain the highest noise 
performance, especially in the upper part of the band. 

The tuning parameters that were supplied with the 186 
ALMA Band 9 mixers were biased towards safer and more 
repeatable regimes rather than ultimate performance, for 
operational reasons. Here we present the results of the 
recently concluded ALMA Band 9 Advanced Tuning Study 
commissioned by ESO. The objectives of this study were to 
develop “intelligent” automatic tuning algorithm to enable 
receivers to operate in more critical regimes that were 
previously avoided, and to investigate the corresponding 
improvement in noise performance. Secondary benefits of 
the automatic tuning algorithm are to reduce ALMA array 
operator’s time to find and confirm the tuning parameters 
for the entire array and to minimize the number of mixers 
that would be flagged as unusable due to tuning problems 
during observations. 

In the framework of this study, we first had to develop a 
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new software infrastructure. Our original engineering 
software, while excellently capable of qualifying 
production receivers (as proven by the successful ALMA 
Band 9 and Band 5 production campaigns), is not very 
suitable for adaptive “intelligent” algorithms because of the 
absence of conditional statements and loop constructions. 
The new system we developed is structured as a series of 
extension libraries of the Python language. This gives the 
full power of an established high-level programming 
language suitable for implementation of any adaptive or 
interactive algorithm one can think of. 

Using this infrastructure, we first reproduced and fully 
automated the formerly semi-automatic and “eyeball” 
algorithms, arriving reliably and repeatably at very similar 
tuning points as with the classical methods. Working from 
there, we investigated incrementally several improved and 
even completely different tuning methods. The final 
implementation is a three-stage algorithm for optimizing 
the Josephson suppression: an initial approximation by 
finding the first minimum in the critical current around 
zero-bias, followed by a refinement based on the integrated 
IF power of the Josephson power, and finally a 
qualification by the width of the Josephson feature. This 
procedure is preceded by a demagnetization-defluxing step 
and together they form a loop that is repeated until a 
qualified Josephson current suppression is found. 

As stated before, the delivered Band 9 mixers were 
supplied with “safe” tuning parameters, meaning in practice 
that the Josephson suppression current is set to the second 
minimum. The new algorithm, however, can tune most of 
the mixers reliably in the first minimum. Together with the 
almost linear relationship that we find between the 
achievable noise temperatures and the applied magnetic 
field, this leads to a significant sensitivity improvement in 
the set of re-tested mixers, compared to the traditional 
second-order suppression. We checked, of course, whether 
the mixers still conform to other important performance 
specifications (notably the amplitude stability and small-
signal gain compression level). 

By applying a simplified non-interactive tuning 
algorithm to the archived qualification data of the delivered 
mixers, we can make a good estimate of the expected 
performance improvement when the ALMA Band 9 array is 
tuned with the new algorithm: in about 80% of the mixers 
the noise could be improved by 15-30K (from an average of 
about 100K) in the top part of the ALMA Band 9 frequency 
range (which contains the CO J=6-5 line at 691 GHz), 10-
25K in the middle and 4-7K at the bottom of the band. 

Advanced Tuning Algorithms for High-Frequency SIS Mixers 

R. Hesper1, J. Barkhof1, A.M. Baryshev1, T. Vos1, G. Siringo2, N. Phillips3 and P. Yagoubov3 
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Abstract— We are currently developing a major upgrade for the 

Submillimeter Array (SMA) receiver systems, which will involve 
the complete replacement of receiver cryostat, cartridges, front-
ends, and receiver optics with a newly designed receiver system. 
This upgrade, known as the “wideband SMA” (wSMA) will enable 
a substantial increase in the instantaneous bandwidth of the SMA 
to at least 16 GHz per sideband [1]. The upgrade will bring 
significant improvements in sensitivity and polarimetric 
performance, and will include provision for future upgrades. 

The new receiver system improves upon the previous SMA 
receiver optics, eliminating several room temperature receiver 
optics elements as well as the cooled receiver lenses, and 
introducing dual-polarized feedhorns which will greatly aid in 
polarimetric observations. 

We present the methods used to design, optimize and tolerance 
the new receiver optics, starting from the imaging beam waveguide 
conditions and working through Gaussian beam analysis and 
simulation of the optical system with physical optics. We also 
describe the design of the new feeds for the wSMA system. 
 

Index Terms—Antennas, feeds, quasioptics, radio astronomy, 
submillimeter astronomy. 

I. INTRODUCTION 
HE Submillimeter Array (SMA) was conceived three 
decades ago as the world’s first submillimeter 

interferometer capable of sub-arcsecond imaging in the 
frequency range from 200 to 700 GHz. Since it began full 
science operations in 2004 it has been continuously upgraded 
with new receiver cartridges, expanded intermediate frequency 
(IF) bandwidth, and augmented polarimetric and dual 
frequency observing modes. The next step in the development 
of the SMA is called the wideband Submillimeter Array 
(wSMA). The wSMA upgrade [1] will replace the original 
SMA cryostats, receivers, and receiver selection optics with all 
new systems, and incorporate a number of major upgrades to 
the backend IF signal transport and correlator systems. This will 
enable the wSMA to operate with 32 GHz instantaneous 
bandwidth per receiver polarization, and will form the basis of 
future development efforts. 

The new wSMA receiver optics design is substantially 
different to that of the SMA receiver optics, with the 
replacement of room temperature and transmissive optics with 
cooled reflective optics, the elimination of quasioptical local 
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oscillator (LO) injection, and major changes to the receiver 
selection mechanism. The new wSMA receiver optics are 
designed to couple to the SMA antennas’ existing beam 
waveguide, with no changes to the antenna or beam waveguide. 

In this paper, we present the design procedures and goals 
used in developing the wSMA receiver optics design, and the 
design procedures used to develop the new feeds for the 
receiver frontend modules. The initial design of the receiver 
optics was developed using the imaging beam waveguide 
conditions described by Chu [4], and then further refined using 
Gaussian beam analysis before carrying out physical optics 
simulations of the complete wSMA system from feed to sky 
using TICRA’s GRASP software package, with the feeds being 
analyzed and optimized using both TICRA’s CHAMP software 
and custom modal matching software. Custom software 
packages were developed in Python to analyze the GRASP and 
CHAMP outputs. 

II. SMA OPTICAL DESIGN 
The SMA antennas are of a bent Nasmyth design, fed by a 

beam waveguide that places the receiver feed horn aperture at 
an image of the antenna aperture (Fig. 1) [2].  This allows for 
frequency-independent illumination of the 6 m aperture from a 
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with the Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 
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T 

 
Fig. 1.  Layout of the SMA antenna and beam waveguide, taken from [3]. M3 
to M6 form the SMA beam waveguide, feeding the receiver system on the far 
left of the diagram. 
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feed with a frequency-independent aperture field distribution. 
In order to maximize the gain of the antennas, a 10 dB edge-
taper is chosen. 

The current SMA antennas use four common mirrors in the 
beam waveguide (M3/“tertiary” to M6, Fig. 2)  to feed a moving 
wire grid and combiner mirror pair that split and direct 
orthogonal polarizations to two of four receiver optics inserts 

and receiver cartridges (Fig. 3).  The optics inserts fold the 
beam before coupling LO power into the sky signal via a 99% 
reflective mesh. The beam then enters the receiver cartridge and 
is focused onto the feed horn by a Teflon lens cooled to ~80 K. 

Careful alignment of the feed, receiver lens and optics 
inserts, and positioning of the combiner grid and mirrors is 
required in order to achieve coalignment of all receivers on the 
sky. This is of particular importance for polarimetric 
observations, as two orthogonally polarized signals travel 
through independent combiners, optical inserts, receiver lens 
and feeds, and misalignment can significantly affect the 
effective sensitivity of the antenna. 

III. WSMA OPTICAL DESIGN 
The new wSMA receivers will replace all of the optics from 

the wire grid to the receiver feeds. The beam from M6 enters 
the cryostat through a vacuum window and an IR filter on the 
50 K radiation shield before being reflected through 90° by a 
plane mirror (Fig. 4).  The beam then passes to a movable 
receiver “selector wheel”, where it is either reflected to the low 
frequency receiver cartridge (210-270 GHz LO) or transmitted 
to the high frequency receiver cartridge (280-360 GHz LO). 
The selector wheel will also contain both a wire grid and a 
dichroic element to enable dual frequency observing in one of 
two possible polarization modes – either with one polarization 
per receiver cartridge or with both receiver cartridges dual 
polarized, with the latter mode processed at half the standard 
on-sky bandwidth. Both the fold mirror and selector wheel are 
mounted on the 50 K radiation shield top plate. 

Each receiver cartridge will have a pair of “Receiver Optics” 
mirrors in a clam-shell arrangement that takes the incoming 
beam from the selector wheel and focuses it onto the dual-
polarized receiver feed horn. The use of dual-polarized feeds 
ensures coalignment on the sky between the two orthogonally 
polarized beams.  

The receiver optics and receiver front-end modules are 
mounted on a floating 4K cold-plate, which is aligned to the 
50 K radiation shield top plate when the cartridge is inserted. 

 
Fig. 2.  Details of the SMA beam waveguide, taken from [3]. A movable 
calibration load and rotating quarter waveplates can be inserted at the image 
of the receiver horn aperture between M4 and M5. 
 

 

 
Fig. 3.  The current SMA cryostat optical layout from [3], showing the moving 
grid and mirror receiver selectors (red), the room temperature LO injection 
optics in the  Optics Insert (orange) and the cold receiver cartridge Teflon lens 
and feed horn. The right hand Optics Insert shows a Martin-Puplett diplexer 
LO injection scheme which was only used with the obsolete 690 GHz 
receivers. 
 

 

 
 
Fig. 4.  (right) Cut-away CAD rendering of the wSMA cryostat, showing the 
cryostat structure and the optical layout (optical path highlighted in blue on 
the left image). (left) GRASP model of the wSMA cryostat optics, with the 
Gaussian beam from each feed shown in blue. Rendering courtesy of HPD Inc. 
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The 50 K top plate thus serves as a common mechanical 
alignment reference for all of the optical elements. 

IV. IMAGING BEAM WAVEGUIDE DESIGN 
An imaging beam waveguide is a sequence of optical 

elements designed to provide frequency-independent matching 
between the input and output field distributions [4]. The 
frequency-independent Fresnel imaging equations provide a 
tool to design the optical system so that a frequency-
independent match is obtained between input and output 
Gaussian beams (or any other field distribution). 

The existing SMA beam waveguide was designed [3] to place 
a frequency-independent virtual feed below each SMA receiver 
lens and feed, defined by its Gaussian beam radius and radius 
of phase curvature. The receiver lens reimages this virtual feed 
on the feedhorn aperture. Different receiver lens focal lengths 
and feedhorn apertures were chosen for each frequency band 
used in the SMA. 

For the wSMA receivers, the fold mirror and selector wheel 
will direct the beam to each of the receiver cartridges, entering 
the receiver optics from the side and placing a virtual feed 
behind each of the receiver optics assemblies. Because we no 
longer need to fold the beam to inject the local-oscillator signal, 
the receiver optics intercept the beam further in front of the 
virtual feed. As the wSMA receivers cover a narrower total 
frequency range than those originally designed for the SMA, 
we adopt the same feed aperture and receiver optics design for 
both receiver bands, allowing receiver optics assemblies to be 
interchangeable between receiver bands. 

Both mirrors in the clamshell pair are offset hyperboloidal 
mirrors. The first mirror reimages the virtual feed to an 
intermediate image in front of the first mirror and behind the 

second mirror. The second mirror then reimages the 
intermediate image to the feed aperture. The layout of the 
reimaging system is shown in Fig. 5.  

As a convenience to allow existing SMA receiver feeds to be 
used with the wSMA receiver optics, we constrain the total 
magnification of the mirror pair (i.e. the scaling from the virtual 
feed beam radius to the feed beam radius) to be the same as that 
used for the SMA 300 GHz and 400 GHz receivers:  

Total	Magnification:	𝑚 = 𝑚! ∙ 𝑚" = 0.11363636 (1) 

Magnification	of	RM1:𝑚! = −
𝑑!#
𝑑!$

(2) 

 

Magnification	of	RM2:𝑚" = −
𝑑"#
𝑑"$

(3) 

 
The position along the incoming beam at which the first mirror 
is placed is roughly determined by the overall physical layout 
of the optics, the need for compactness in order to fit within the 
cryostat, and the need to fit the cryostat within the receiver 
cabin. 

The distances between the two mirrors and between the 
second mirror and the feed are chosen to avoid truncation of the 
beam by the edge of the second mirror or the feed, and to place 
the angles of reflection close to 45°. The beam widths are 
estimated from the single-mode Gaussian beam analysis of the 
beam waveguide described below, resulting in the following 
dimensions, as well as the relation between the image distance 
for RM1 and the object distance for RM2: 

 
Distance	between	RM2	and	feed:	𝑑"# = 110	mm 

Distance	between	mirrors:	𝑑!" = 90	mm 

 
Fig. 5.  The wSMA receiver optics layout, with dimensions used in the imaging calculations.  
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𝑑"$ = 𝑑!" − 𝑑!# (4) 
 

The position of the intermediate image is then determined by 
the above imaging equations subject to the constraint set by the 
chosen overall magnification, with the distance from the first 
mirror to the virtual feed 

𝑑!$ = 1124	mm 
as the driving parameter.  

Solving the equations (1-4) for the intermediate image 
position, 𝑑!#, we obtain: 

𝑑!# =
𝑚 ∙ 𝑑!$ ∙ 𝑑!"
(𝑑"# +𝑚 ∙ 𝑑!$)

= 648.462 mm (5) 

This in turn determines the input object for the second mirror 
and thus the individual magnifications of the two mirrors. 

The precise angles of the mirrors are then set according to the 
Mizuguchi-Dragone condition: 

(1 −𝑚!)
𝑚!

∙ tan 𝜃! =	(1 −𝑚") ∙ tan 𝜃" (6) 

 
which relates the individual reflection angles and 
magnifications of the two mirrors so that cross-polarization of 
the beam is minimized. By adding the constraint that the total 
reflection angle be 90°, the optical system is then fully 
determined. 

V. GAUSSIAN BEAM ANALYSIS 
Following the definition of the receiver mirrors using the 

imaging equations above, a single-moded Gaussian beam 
analysis of the optical system is used to determine the Gaussian 
beam radius and radius of phase curvature at the feed aperture, 
and to check that the mirrors in the system are at least 5𝑤 in 
diameter, in order to avoid excessive truncation [5]. 

The solution of the imaging equations and the Gaussian 
beam analysis were implemented in a SMath workbook and 
confirmed using the Gaussian beam propagation software 
originally developed for designing the SMA optics. The 
position of the first mirror 𝑑!$ and the overall optical layout had 
to be adjusted to give a positive radius of phase curvature at the 
feed aperture. 

The evolution of the Gaussian beam parameters as they pass 
through the optical system are shown in Fig. 7.  

VI. FEED DESIGN 
The feeds for the wSMA system are cylindrically symmetric 

corrugated horns feeding square waveguide inputs to the 
receiver orthomode transducers. The magnification of the 

 

 
Fig. 6.  The wSMA cryostat optical layout, from the side and above, showing 
the beam widths (blue dimensions) at each of the optical elements. 

 

 
Fig. 7.  Results of fundamental mode Gaussian beam analysis of the wSMA 
receiver optics. The beam from the SMA beam waveguide to the virtual feed 
is shown with dark blue dashes, while the beam as modified by the wSMA 
receiver optics is shown in red. 
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receiver optics was chosen to give the same Gaussian beam 
radius at the feed aperture as used by the SMA 300 GHz 
receiver’s conical corrugated horn, and this horn serves as the 
starting point for the wSMA feed designs.   

The Gaussian beam analysis above gives the Gaussian beam 
radius and radius of phase curvature at the horn aperture that 
must be matched by the wSMA feeds: 

𝑤 = 3.4375	mm 
𝑅 = 	159.64	mm	

Implementing such a horn using a traditional conical corrugated 
horn profile would require the horn to be prohibitively long, and 
so a curved horn profile is used. 

Initial design of candidate horns were carried out in TICRA’s 
CHAMP software, using modal-matching on CHAMP’s built-
in sinusoid and asymmetric sine-squared profiles, and variable-
depth-slot mode converter designs, described in [6]. Output 
from the CHAMP software was analyzed in a Jupyter Python 
Notebook to obtain an estimate of the best fit fundamental 

Gaussian mode beam radius and radius of phase curvature for 
the aperture field. 

The candidate horn designs were then further refined using 
modal-matching horn analysis software that has been designed 
to run massively parallel optimizations of horn designs, using a 
variant of Powell’s minimization method [7] and a genetic 
algorithm. Additional goal functions that allow the complex 
aperture field mismatch to the fundamental Gaussian mode to 
be minimized were implemented for this project. 

Finally, the optimized horn profiles were input back into 
TICRA CHAMP, and simulated as a complete feed horn 
consisting of the square-to-circular waveguide transition, 
mode-convertor, profiled corrugated horn and the cylindrically 
symmetric horn outside surface. 

Final profiles, far-field beam patterns and aperture field 
distributions are shown for the Low band and High band feeds 
in Fig. 8 and Fig. 9 .  

The output far-field beam patterns from CHAMP were then 
used in the GRASP physical optics simulations described in the 
next section. The GRASP calculated primary aperture 
illumination and efficiency of the complete wSMA optical 
system were then used to select the final horn designs. 

VII. PHYSICAL OPTICS 
Physical optics simulations of the complete SMA and 

wSMA optical system were implemented in TICRA’s GRASP 
software. These physical optics simulations allowed a direct 
comparison to be made between the optical performance of the 
existing SMA receiver system and that of the proposed wSMA 
receiver system. 

 

 
Fig. 9.  (top) Optimized corrugated horn profile for the wSMA High band (280-
360 GHz) feed horn. (bottom left) Far-field E-plane radiation pattern at 345 
GHz for the horn, showing co-polarized (red) and cross-polarized (black) 
fields. (bottom right) Aperture field amplitude (black) and phase (red) at 345 
GHz for the co-polar E-plane field. 

 

 
Fig. 8.  (top) Optimized corrugated horn profile for the wSMA Low band (210-
270 GHz) feed horn. (bottom left) Far-field E-plane radiation pattern at 230 
GHz for the horn, showing co-polarized (red) and cross-polarized (black) 
fields. (bottom right) Aperture field amplitude (black) and phase (red) at 239 
GHz for the co-polar E-plane field. 
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The GRASP model of the complete SMA optical system in 
shown in Fig. 10.  The model implements physical optics 
methods for optical surfaces from feed to M3, and physical 
optics with correction from the physical theory of diffraction 
for the primary, secondary and key apertures in the optical 
system. 

Key performance measures of the optics derived from the 
GRASP outputs include the peak gain of the antenna system, 

the main beam efficiency (as measured by GRASP’s spillover 
efficiency calculation), peak cross-polarization level, and 
coalignment between orthogonal polarizations. 

In order to derive these measures from the GRASP output, 
a Python library was written to allow the output fields to be 
loaded as Numpy arrays [8]. Additional Python functions 
allowed the peak values and positions of the peaks in the fields 
to be determined.  

The “python-graspfile” Python library for reading and 
processing GRASP output has been released under the Open 
Source MIT License, and can be obtained via and is available 
via the Python Package Index (PyPI) system or GitHub [9]. 

A. Tolerance Analysis 
In order to determine appropriate tolerances for the 

placement of the receiver cryostat with respect to the telescope 
and for the positions and angles of the cooled cryostat and 
receiver optics, the position and angle of each element of the 
optics was varied individually. 

The variation in peak gain and position of peak gain was 
determined for each variation. Tolerance thresholds were set at 
variations in position or angle that resulted in a reduction in 
peak gain of one percent. 

 
 
Fig. 10. GRASP model of the SMA antenna, beam waveguide and SMA and 
wSMA receiver optics, with the 230 GHz Gaussian beam radius shown in blue. 
An additional view of the wSMA receiver optics model is shown in Fig. 4. 

 

 

 
Fig. 11. Far field radiation pattern at 230 GHz (top), peak antenna gain (middle) 
and position of peak antenna gain (bottom) for 200, 210, 220 and 230 GHz 
farfield radiation patterns as the angle of the wSMA receiver selector wheel 
mirror is varied by up to 1°. These variations are used to set the tolerance on 
the angle of the selector wheel mirror in the wSMA cryostat design. 
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These simulations were carried out using the feed design 
from the SMA 300 GHz receiver. An example of this procedure 
for the angular tolerance on the wSMA receiver selector wheel 
mirror position is shown in Fig. 11. 

B. IR Aperture and Window Sizing 
The minimum size of the IR aperture, which acts as a cold 

aperture stop in the wSMA optical system, and cryostat 
window, was determined by running simulations with varying 
aperture radius, again using the SMA 300 GHz feed design. The 
minimum IR clear aperture was chosen so that the peak gain 
was reduced by somewhat less than one percent from the 𝑟 =
5𝑤 case at the lowest specified frequency for the wSMA Low 
Band receiver (210 GHz).  

Once the IR aperture size was fixed, the minimum cryostat 
window clear aperture was determined by running simulations 
with fixed IR aperture and varying window size. The minimum 
window size was chosen to be the minimum size that did not 
appreciably truncate the beam with the IR aperture in place 
(total truncation are IR aperture and window < 1%). Beam 
efficiency results are shown in Fig. 12. 

C. Feed Evaluation 
Candidate feed designs (described above) were evaluated by 

comparing the GRASP output for simulations of wSMA 
receiver optics fed by each design (simulated in CHAMP) with 
the GRASP simulation output for the complete SMA 200 GHz 
or SMA 300 GHz receiver. Maximizing the peak gain and beam 
efficiency were the main criteria.  

The comparison of peak gain for the wSMA receiver fed by 
the prototype and optimized wSMA feeds with the SMA 
receivers is shown in Fig. 13. Although the aim was to achieve 
higher efficiency than the current SMA receivers, for the Low 
band receiver this would have required too large a window and 
IR aperture, and thus IR loading on the cryostat. Since the IR 
aperture forms a ~55 K cold stop in the optical system, the 
sensitivity of the Low band receiver should not be too badly 
affected. The High band receiver’s narrower beam is not 
adversely affected by truncation at the IR aperture. 

VIII. CONCLUSION 
Two complete prototypes of the wSMA cryostat, receiver 

optics and receiver feeds are currently being built using the 
optical design presented in this paper. Following the integration 
of the wSMA cryostats and receivers, the performance of the 
optical system and the design will be measured in several ways. 

Initial measurements will take place in the laboratory, using 
a beam scanner system similar to that described in [10]. This 
will verify that the optical system produces the correct beam, 
and that the beams of the two receivers are well aligned. 
Receiver performance measurements will also be carried out. 

 

 
Fig. 12. Beam efficiency from the feed to M6 at 210 GHz as a function if IR 
Filter radius (top) and cryostat window radius (bottom) for the wSMA Low 
band receiver. The increase in efficiency at 55 mm window radius is not present 
at all frequencies within the band, and so the final clear aperture of 52.5 mm 
radius is a compromise that gives relatively good performance across the band 
of the Low Band receiver. 

 

 
Fig. 13. Relative peak gain of an SMA antenna fed by the wSMA Low Band 
(top) and High Band (bottom) receivers using the initial prototype feed and the 
optimized feeds. The baselines for comparison are the existing SMA200 and 
SMA300 receivers. 
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Following laboratory measurements, the prototype wSMA 
cryostat and receiver systems will be deployed in at least one 
SMA antenna at the SMA site on Maunakea. There, tests of the 
complete system will be made, including on-sky pointing and 
beam shape measurements, aperture efficiency, and 
holographic measurements of aperture field distribution of the 
primary mirror [11] . 
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NOTES: 

 

Broad intermediate frequency (IF) bandwidth is a crucial 

feature for heterodyne receivers utilized in terahertz 

astronomy [1]. Whereas below 1.2 THz superconductor- 

insulator- superconductor (SIS) mixers have demonstrated 

an IF bandwidth in excess of 20GHz , at frequencies > 

1.2THz superconducting hot-electron bolometer (HEB) 

mixers have not come to such level of performance yet.  

We believe that utilizing MgB2 ultra-thin [2] films the IF 

bandwidth for HEB mixers can be extended way above 20 

GHz, hence satisfying the most demanding astronomical 

tasks. The key for a large IF bandwidth in HEB mixers is fast 

electron- phonon interaction and short phonon escape time 

from the superconducting film into the substrate. Recently 

we have shown that MgB2 films as thin as 5nm can be made 

on SiC substrates, with a critical temperature of 30K. The 

minimum receiver noise temperature has been shown to be 

at 1000K (1.6THz) [3]. However, though the demonstrated 

IF bandwidth was 11GHz, we had some reasons to believe 

that this is far to be the limit.  

By performing mixing experiments in a broadband 

cryogenic probe station we have been able to show that the 

gain bandwidth (3dB gain roll-off) in our MgB2 HEB mixers 

is 13-14GHz, whereas the mixer noise temperature was  

 

 

Fig. 1.  The MgB2 HEB mixer noise temperature spectrum.  

 

 

 
1 All authors work at the Department of Microtechnology and 

Nanoscience, Chalmers University of Technology, Fysikgrand 3, 

 

nearly constant up to an intermediate frequency of 20GHz 

(Fig.1). These experiments were conducted at a rather low 

LO frequency of 100GHz, yet results have clearly shown that 

the full potential of MgB2 HEB mixers is far not reached. 

In order to justify applicability of low LO frequency 

experiments for modeling the high LO frequency  (h>2, 

where  is the superconducting energy gap) we designed a 

set of experiments where MgB2 HEB mixer performance 

(gain, noise, IF bandwidth) is studies vs LO frequency and 

operation temperature (which affects the superconducting 

energy gap ).  can be obtained from the measured kinetic 

inductance (from 5K and up to the critical temperature Tc).  
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Characterising the Effective Temperature of Hybrid
Tunnel Junctions in THz SIS mixers

A. Traini, B-.K. Tan, J. Garrett, A. Khudchenko, R. Hesper, A. M. Baryshev, P. N. Dmitriev, V. P. Koshelets and
G. Yassin

Abstract—In this paper, we present a method to measure
the effective physical temperature of the tunnel junction in a
terahertz superconductor-insulator-superconductor (SIS) mixer
when illuminated with a strong local oscillator (LO) power
that results in local hot spot around the tunnel junction. We
observed that the gap voltage of the pumped current-voltage (IV)
curve is suppressed when the LO pumping level is increased,
indicating that the junction physical temperature is increased
beyond the mixer block temperature. We quantified this extra
heating effect by recovering the effective junction temperature
through comparing the gap voltage of the pumped IV curves
measured at a fixed block temperature, with the unpumped IV
curve measured at varying block temperatures. We found that
the heat trapped in the tunnel junction can be as high as 1.7 K
when the mixer stabilised at 3.3 K is pumped at only 21% of the
gap current.

Index Terms—Terahertz SIS mixers, tunnel junctions, local
oscillator heating effect.

I. INTRODUCTION

S INCE the deployment of current Atacama Large
Millimetre/sub-millimetre Array (ALMA), the Herschel

Space Telescope, and the Stratospheric Observatory for In-
frared Astronomy (SOFIA), the development of the next
generation millimetre (mm) and sub-mm telescopes are now
focusing on closing the 1–2 THz frequency gap. Observations
at these frequency ranges are important for a wide range
of scientific cases, including stellar formation at intermediate
redshift universe and the Cosmic Infrared Background, where
a host of spectral lines such as CO, NH+ and other organic
molecules can be detected [1]. Ground based observation
in this frequency range is permitted through atmospheric
transmission windows centred around 1.0, 1.3, and 1.5 THz
[2]. To cover frequencies beyond these atmospheric windows,
observation would need to be performed with high altitude or
space observatories above the atmosphere.
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A. Traini, B-K. Tan and G. Yassin are with the Department of Physics
(Astrophysics), University of Oxford, Denys Wilkinson Building, Keble Road,
OX1 3RH, Oxford, UK. E-mail: alessandro.traini@physics.ox.ac.uk

J. Garrett is currently with the Harvard-Smithsonian Center for Astro-
physics, 60 Garden St., Cambridge, MA 02138, USA., but conduct this work
previously at the University of Oxford.

R. Hesper and A. M. Baryshev are with the Kapteyn Astronomical Institute,
Groningen, 9747 AD The Netherlands.

A. Khudchenko, P. N. Dmitriev and V. P. Koshelets are with the Kotel’nikov
Institute of Radio Engineering and Electronics, Russian Academy of Science,
Moscow, 125009 Russia.

A. Khudchenco is also with Astro Space Center, Lebedev Physical Institute
of Russian Academy of Science, 84/32 Profsoyuznaya st., Moscow, GSP-7,
117997, Russia.

Although it is possible to operate a heterodyne re-
ceiver using the hot electron bolometers (HEBs) in this
frequency range, their deployment is unfavourable due to
the relatively narrow intermediate frequency (IF) bandwidth.
Superconductor-insulator-superconductor (SIS) mixers, on the
other hands, can operate with much wider IF bandwidth,
but have yet to demonstrate their feasibility above 1 THz.
This is because of the limitation imposed by the commonly
used niobium (Nb) technology. The performance of Nb tunnel
junction tends to deteriorate when operating close to twice
its gap frequency, around 1.3 THz. Furthermore, Nb based
transmission line required to form the superconducting mixer
circuit incur very high resistive losses above 0.7 THz.

In order to improve the sensitivity of SIS devices and
extend the frequency coverage above 1.3 THz, Nb needs to
be replaced with higher gap superconductors such as niobium
nitride (NbN) or niobium titanium nitride (NbTiN). However,
it has been shown that high quality full NbN or NbTiN
tunnel junctions are difficult to fabricate. One solution is
therefore to replace one of the Nb electrode with either
NbN or NbTiN, forming a hybrid junction. However, these
hybrid junctions working in conjunction with higher gap
superconducting transmission lines could suffer from localised
heating effect, due to quasiparticles trapping in the low gap
superconductor sandwiched between high gap superconducting
materials. This effect can be observed experimentally as shown
in Fig. 1, where the superconducting gap voltage of the device
is reduced notably when the mixer is injected with strong local
oscillator (LO) power. This problem of heat trap in a tunnel
junction has already been investigated theoretically [3], [4],
[5], [6]. In this paper, we present an alternative method for
measuring the effective temperature of the junction using only
experimental data.
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Fig. 1. Reduction of the gap voltage when the mixer, stabilised at a constant
block temperature of 4 K, is injected with strong LO power.
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II. EXPERIMENTAL SETUP & MEASUREMENT RESULTS

To investigate the amount of heat trapped in the tunnel junc-
tion when illuminated with strong LO power, we compare the
gap voltage of a series of pumped current-voltage (IV) curves
at varying pump levels and fixed mixer block temperature,
with the unpumped IV curves at varying block temperature,
since increasing the block temperature has the same effect
of suppressing the gap voltage. The SIS mixer used in this
experiment is a CHAMP+ (The Carbon Heterodyne Array
of the MPIfR, Max Planck Institute for Radio Astronomy)
mixer comprising niobium/aluminium-nitride/niobium-nitride
(Nb/AlN/NbN) junctions deposited on NbTiN ground plane
with aluminium (Al) as the top wiring layer [7].

The mixer was tested in the frequency range of 780–
950 GHz, cooled with a pulsed-tube cooler cryostat, with all
the optical components such as the beam splitter and the
focusing mirrors mounted inside the cryostat to avoid the effect
of water absorption [8]. The hot and cold loads required for
Y-factor noise temperature measurements were also located
inside the cryostat, with the respective physical temperature
of 300 K and 4 K. The cryostat is also equipped with four
temperature probes that were attached to the internal cold
blackbody source, the mixer block, the cold plate and the
second stage shield respectively. The cold plate and the second
stage were further installed with resistors for raising the bath
temperature above its minimum value. The current passing
through the resistors is controlled by a proportional integral
derivative (PID) controller loop made by Lake Shore®, to
stabilise the mixer block temperature to a desired value, with
accuracy of the order of mK.

Fig. 2 shows how we infer the effective temperature of the
tunnel junctions. In this example, we first measured a pumped
IV curve with the block temperature Tblk = 4.0K, when
illuminating with the LO set at at 831 GHz. We then measure a
series of unpumped IV curves measured at varying Tblk =4.0–
5.4 K, and look for the unpumped IV curve that have the same
gap voltage as the pumped IV curve. As can be seen from
Fig. 2, it is clear that the gap voltage of the measured pumped
curve can only be matched with the unpumped curve where
the block temperature is stabilised at 4.6 K. This indicates that
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Fig. 3. Relation between the pump current and the effective tunnel junction
temperature. The pumped IV curve was measured at a fixed temperature of
3.3 K.

there is an extra 0.6 K of heat trapped in the tunnel junction
due to the LO.

We can also recover the effective junction temperature by
correlating the mixer block temperature of the unpumped IV
curves with the pump current, measured at the centre of the
photon step of the pump curve, instead of the gap voltage. In
this case, in addition to the series of unpumped IV curves
measured at different mixer block temperature, we further
measured a series of pumped IV curves with a fixed block
temperature of 3.3 K but injected with LO at different power
levels. Fig. 3 shows the relation between the two sets of data,
and how we can easily estimate the effective tunnel junction
temperature by reading the pump current. As shown in the
black arrows, if the pump current is measured at say 57µA, we
can directly infer from the graph that the junction temperature
has been heat up to 4.7 K. Similarly as shown in the grey
arrows, if the pump current is measured at 72µA, the effective
temperature of the junction must have been increased to 5 K,
closed to 1.7 K higher than the mixer block temperature.

III. CONCLUSION

We have characterised the effective temperature of the
hybrid Nb/AlN/NbN tunnel junction fabricated between a
NbTiN ground plane and an Al wiring layer, when pumped by
a strong LO power operating near 1 THz regime. The increase
of junction temperature due to the LO heating was estimated
by matching the gap voltage of the pumped IV curve measured
at a fixed block temperature, with the gap voltage of the
unpumped curve measured at different block temperature. We
have shown that the junction temperature can be increased by
1.7 K when the mixer is pumped at approximately 21% of the
gap current, which will inevitably affect the performance of
the mixer operating at such high frequency.
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Abstract—This paper presents designs of a novel full band 

quadrupler based on GaAs membrane technology. The measured 

quadrupler output power is more than -28 dBm at the full WR-1.0 

band, and the measured peak power achieves above -13 dBm at 

950 GHz with 7 dBm driven power.  

Index Terms—quadrupler, membrane substract, Schottky 

diode, submillimeter wave, terahertz. 

I. INTRODUCTION  

erahertz sources have attracted recent interest for terahertz 

measurement and radio astronomy applications [1], [2]. For 

such applications, it is important to have compact sources that 

produce enough power and own broadband performance.  

Solid-state devices provide a compact and robust solution for 

the generation of terahertz signal. Transistor with smaller 

feature size have been demonstrated with maximum 

frequencies of oscillation ( fmax ) above 1 THz and practical 

circuit operation has been extended into the lower end of the 

terahertz (THz) frequency band. Although rapid advances have 

been made in amplifiers[3], especially high electron-mobility 

transistor (HEMT) [4] and heterojunction bipolar transistor 

(HBT) [5], Schottky diodes still provide high performance cost 

ratio and are widely used in terahertz frequency multiplier 

sources [6],[7]. For terahertz multiplier sources, cascading 

multipliers is a pragmatic approach. It typically consists of a 

chain of doublers and triplers, selected to yield the desired 

output frequency with a efficiency[8],[9]. The final efficiency 

of a multi-stage chain, as a result, is often on the order of a few 

percent or less [10]. Moreover, interstage mismatches in the 

chain can readily influence adjacent stages by pulling them 

from their optimum operating status and reducing efficiencies. 

Direct multiplication to a high-order harmonic greater than the 

third is desirable for higher frequency band, even with the 

challenges including proper termination of all intermediate 

harmonics (idlers). Also, a high-order harmonic multiplier 

brings the improvement on size, weight, power, and cost 

(SWaP-C). 

This work presented here applies the architecture to 

implement an integrated frequency quadrupler fabricated on 

GaAs membrane substrate. This Quadrupler features 2 anodes 

in series configuration monolithically is integrated on a GaAs 

membrane substrate and connected to a split waveguide-block 
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by metallic beam-leads. As we know. It is the first quadrupler 

working at the full WR-1.0 Band. 

II. QUADRUPLER DEVELOPMENT 

A. Circuit topology 

 
Fig. 1 illustrates the basic architecture of the quadrupler 

circuit developed in this work. The diodes pair is placed in the 

output waveguide, and the two diode branches are antiparallel 

connected to the input fundamental signal on a TEM mode and 

series connected to the output 4th harmonic output signal on a 

TE mode. Usually, only even-order harmonics are generated 

due to the balanced configuration. Considering small 

asymmetries are introduced by the physical structure of the 

Schottky diodes, there is still low level 3rd harmonic in the 

circuit. The low-high impedance filter are placed within the 

channel waveguide between the input and output waveguides 

which is used to match the diodes and prevent the 2nd and 3rd 

harmonics (idler frequencies) from leaking into the input 

waveguide. 2nd and 3rd harmonics are cut off by the output 

waveguide and trapped in the diodes circuit. Also, the 

dimension of the chip channel and the suspended microstrip line 

are optimized to trap the idler frequencies in the circuit. 

B. Design Methodology  

The methodology used for the design uses a combination of 
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Fig.1. Block diagram of the balanced quadrupler. 

𝑓o: the input fundamental frequency, 

2𝑓o: the second idle harmonic frequency, 

3𝑓o: the third idle harmonic frequency, 

4𝑓o: the output fourth harmonic frequency. 



 

non-linear circuit simulations (Agilent ADS) and 3D electro-

magnetic simulations (Ansoft HFSS) that is based on the 

methodology presented in [8],[9]. To start with, a standard 

diode model customized with in-house parameters was 

implemented together with its close 3D passive environment 

(diode cell), plus ideal input and output matching networks. 

During this simulation, the anode zero junction capacitance and 

the diode cell geometry, including anodes positions, input 

channel width and input stub length, were optimized using the 

harmonic balance and optimization routines of ADS in order to 

reach optimum power efficiency. Then, each transition in the 

circuit including step impedances, coupling probes and 

waveguide transitions were simulated within the 3-D 

electromagnetic environment with appropriate boundaries, 

waveports assignment and de-embedding planes. The 

simulation outcomes (2-D S-parameter matrices and their 

attenuations, impedances and permittivity values at central 

uided frequencies) were used in a global non-linear 

optimization. During this second optimization step, ideal λ⁄4 

initial lengths were defined in the step-impedance filter and 

matching network in order to converge to optimum lengths of 

the circuit transmission lines. Several iterations were necessary 

to define the appropriate dimensions of the position of the input 

back-short, the diodes geometry, the input probe and the output 

probe near the diodes in order to reach a wide impedance 

matching over the input frequency band. Finally, the values 

found during the previous steps were feed back in HFSS to 

build the full circuit structure as shown in Fig. 1, and the circuit 

was finally simulated with the harmonic balance routine to 

check the coupling efficiency, global efficiency and output 

power. The electrical parameters of the Schottky diode model 

considered in the simulations are a series resistance Rs =30 Ω, 

an intrinsic zero voltage junction capacitance of Cjo = 1.6 fF, 

an ideality factor =1.3 and a built-in potential Vbi = 0.8 V. This 

design was optimized for 5.5 mW of input power and -1 V bias 

included. 

III. FABRICATION AND ASSEMBLING 

A. Circuit fabrication 

As described in the previous section the fabricated 

quadrupler circuit features two diodes integrated on a 5 um 

thick GaAs membrane. The membrane epitaxial layers were 

grown by MBE technique, fine structures, like the anodes and 

the air-bridges were using the electron beam lithography for its 

highest precision. The anodes are about 0.6 um ×  0.6 um, the 

mesas are about 7.6 um, and the doping of the epilayer is 

5 × 1017 . The gap between the edges of the anode and the 

ohmic contact was set to about 0.7 um. The chip is inserted 

between the input and the output waveguides in a channel of  

93 um ×  52 um cross section and approximately 232 um long.  

 

B. Circuit assembling  

The beam leads are thin gold layers that allow suspending the 

circuit in the channel without using conductive glue or golden 

bonding. The membrane circuit has been assembled into one of 

two halves and the beam leads are thermo-compressed on the 

block. The introduction of beam provides more precise RF and 

DC grounding and takes the significant improvement during the 

chip handling and assembling into the blocks. Protruding part 

of the chip is the DC line for biasing. It can also be used to grab 

the chip during the chip assembling into the blocks. 

IV. MEASUREMENT  

A. DC characteristic 

Before electrical assembly, I-V on-wafer measurement have 

been performed, giving excellent diode I-V curve and ΔV, with 

the ΔV defined as ΔV = V (I=100 µA) - V (I=10 µA) = 72 mV. 

The extracted electrical parameters of the Schottky diode from 

the curve fitting are: series resistance Rs = 18 ohms, an ideality 

factor η = 1.27, and a built-in potential of Vbi = 0.78 V. The 

series resistance here is larger than the value mentioned in 

section Ⅱ, which is partly due to the anode diameter after the 

fabrication is 0.8 um × 0.8 um rather than the value of 0.6 um × 

0.6 um in simulation procedure. 

 

 

 
Fig.2. 750–1100 GHz circuit with beam-lead 

Fig.3. Diode I-V curve  



 

B. RF characteristic 

Another test measures the output power performance of the 

full band quadrupler. As illustrated in Fig.3, the power 

measurement gives -28 dBm minimum power across the 750-

1100 GHz band, with -13dBm peak output power at 950 GHz. 

The measurement has very similar trend and a good fit to the 

design simulation results[11]. 

 

C. Comparison to Previously Published Results 

Table I provides a comparison of the current results against 

published quadruplers. 

 

V. CONCLUSION 

The Schottky diodes on GaAs membrane were fabricated 

with a process entirely based on electron-beam lithography. The 

performance shows its potential to be used as the extended parts 

for terahertz vector network analyzer. 

ACKNOWLEDGMENT 

The development of Schottky devices for terahertz 

measurement instrument is designed and fabricated at Nanjing. 

The authors would like to thank Dr. Niu B. for giving his kind 

suggestion for the fabrication process. Also, the author would 

like to acknowledge Dr. Deng J.Q. and Dr. Jia D.H. for their 

admirable patient during the THz-MIC mounting and test. 

REFERENCES 

[1] J. J. Lynch, et al. "Coded aperture subreflector array for high resolution 

radar imaging." SPIE Defense + Security International Society for Optics and 

Photonics, 2017. 

[2] I. Mehdi and P. Siegel, “THz semiconductor-based front-end receiver 

technology for space applications,” in IEEE Radio Wireless Conf., Atlanta, GA, 

Sep. 2004, pp. 127–130. 

[3] L. A. Samoska, "An Overview of Solid-State Integrated Circuit Amplifiers 

in the Submillimeter-Wave and THz Regime," in IEEE Transactions on 

Terahertz Science and Technology, vol. 1, no. 1, pp. 9-24, Sept. 2011, doi: 

10.1109/TTHZ.2011.2159558. 

[4] X. Mei et al., “First demonstration of amplification at 1THz using a 25-nm 

InP high electron mobility transistor process,” in IEEE Electron Device Lett., 

vol. 36, no. 4, pp. 229–327, Apr. 2015. 

[5] B. Heinemann et al., "SiGe HBT with fx/fmax of 505 GHz/720 GHz," 2016 

IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, 

2016, pp. 3.1.1-3.1.4, doi: 10.1109/IEDM.2016.7838335. 

[6] I. Mehdi, E. Schlecht, G. Chattopadhyay, and P. H. Siegel, “THz local 

oscillator sources: Performance and capabilities,” Proc. SPIE, vol.4855, pp. 

435–446, 2002. 

[7] A. Maestrini et al., "A Frequency-Multiplied Source With More Than 1 mW 

of Power Across the 840–900-GHz Band," in IEEE Transactions on Microwave 

Theory and Techniques, vol. 58, no. 7, pp. 1925-1932, July 2010, doi: 

10.1109/TMTT.2010.2050171.  

[8] A. Maestrini et al., “1200GHz and 600GHz Schottky receivers for JUICE-

SWI”. 27th International Symposium on Space Terahertz Technology. 

[9] A. Maestrini, B. Thomas, H. Wang, et al. “Schottky diode-based terahertz 

frequency multipliers and mixers”. in Comptes rendus - Physique, 2010, vol. 

11, no. 7, pp.480-495. 

[10] I. Mehdi, J. V. Siles, C. Lee and E. Schlecht, "THz Diode Technology: 

Status, Prospects, and Applications," in Proceedings of the IEEE, vol. 105, no. 

6, pp. 990-1007, June 2017, doi: 10.1109/JPROC.2017.2650235. 

[11] F. Yang, “A 900GHz Broadband Balanced Frequency Quadrupler,” 

International Symposium on Space Terahertz Technology, 2019. 

[12] S. Yuan and H. Schumacher, "Novel frequency quadrupler design covering 

the entire V-Band in 0.13-μm SiGe process," 2014 IEEE 14th Topical Meeting 

on Silicon Monolithic Integrated Circuits in Rf Systems, Newport Beach, CA, 

2014, pp. 101-103, doi: 10.1109/SiRF.2014.6828509 

[13] B. Ku, H. Chung and G. M. Rebeiz, "A Milliwatt-Level 70–110 GHz 

Frequency Quadrupler With >30 dBc Harmonic Rejection," in IEEE 

Transactions on Microwave Theory and Techniques, vol. 68, no. 5, pp. 1697-

1705, May 2020, doi: 10.1109/TMTT.2020.2967390 

[14]M. Bao, R. Kozhuharov, J. Chen and H. Zirath, "A D-Band Keyable High 

Efficiency Frequency Quadrupler," in IEEE Microwave and Wireless 

Components Letters, vol. 24, no. 11, pp. 793-795, Nov. 2014, doi: 

10.1109/LMWC.2014.2350694 

[15] N. Alijabbari, M. F. Bauwens and R. M. Weikle, "160 GHz Balanced 

Frequency Quadruplers Based on Quasi-Vertical Schottky Varactors Integrated 

on Micromachined Silicon," in IEEE Transactions on Terahertz Science and 

Technology, vol. 4, no. 6, pp. 678-685, Nov. 2014, doi: 

10.1109/TTHZ.2014.2360983  

[16] M. Abbasi and D. S. Ricketts, "275–285 GHz balanced frequency 

quadrupler chain in 45 nm SOI CMOS," in Electronics Letters, vol. 51, no. 18, 

pp. 1424-1426, 3 9 2015, doi: 10.1049/el.2015.2100. 

[17] F. Golcuk, O. D. Gurbuz and G. M. Rebeiz, "A 0.39–0.44 THz 2x4 

Amplifier-Quadrupler Array With Peak EIRP of 3–4 dBm," in IEEE 

Transactions on Microwave Theory and Techniques, vol. 61, no. 12, pp. 4483-

4491, Dec. 2013, doi: 10.1109/TMTT.2013.2287493.  

[18] I. Kallfass, A. Tessmann, H. Massler, S. Wagner and A. Leuther, "A 480 

GHz active frequency multiplier-by-four SMMIC," 2012 IEEE/MTT-S 

International Microwave Symposium Digest, Montreal, QC, 2012, pp. 1-3, doi: 

10.1109/MWSYM.2012.6258409. 

[19] J. Jun et al., "Single-Stage Frequency Quadrupler With SBD and Four-

Octave LPF at 335 GHz," in IEEE Transactions on Terahertz Science and 

Technology, vol. 7, no. 4, pp. 446-454, July 2017, doi: 

10.1109/TTHZ.2017.2709720. 

[20]J. W. Archer, "A Novel Quasi-Optical Frequency Multiplier Design for 

Millimeter and Submillimeter Wavelengths," in IEEE Transactions on 

Microwave Theory and Techniques, vol. 32, no. 4, pp. 421-427, Apr. 1984, doi: 

10.1109/TMTT.1984.1132693. 

[21] T. Takada and M. Ohmori, "Frequency Triplers and Quadruplers with 

GaAs Schottky-Barrier Diodes at 450 and 600 GHz," in IEEE Transactions on 

Microwave Theory and Techniques, vol. 27, no. 5, pp. 519-523, May 1979, doi: 

 
Fig.4. 750–1100 GHz circuit performance 

TABLE I 

COMPARE WITH SIMILAR WORKS 

Reference 

/Year 
Technology Bandwidth Output Power 

[12]/2014 0.13 μm SiGe HBT   50 - 75 GHz -1 dBm 

[13]/2014 0.12 μm SiGe BiCMOS 70 - 110 GHz -1.5 to 2 dBm  

[14]/2020 0.25 InP DHBT 110 - 130 GHz 5 to 7 dBm 

[15]/2014 quasi-vertical diode 140 - 170 GHz 12 to 18 dBm  

[16]/2013 45 nm SOI CMOS 275 - 285 GHz -7 dBm 

[17]/2015 45 nm SOI CMOS  390 - 440 GHz -10 dBm 

[18]/2012 35 nm mHEMT 435 - 480 GHz  -14.3 dBm 

[19]/2017 Schottky barrier diode 322 - 345 GHz 0 dBm 

[20]/1984 Schottky barrier diode 310 - 345 GHz -3 dBm  

[21]/1979 Schottky barrier diode 589 GHz -28 dBm  

This work Schottky barrier diode 750 - 1100 GHz -28 to -13 dBm 
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NOTES: 

 

We report on the experimental study of thermal transport 
of hot electrons in graphene-based hot electron bolometers 
(i.e., graphene microbridges) with different contacts. In the 
experiment, the temperature of hot electrons in a graphene 
microbridge is probed based on Johnson noise thermometry. 
We measured the thermal conductance of two samples at 
different bath temperatures, one with its electrodes of normal 
metal Au and the other with superconducting Nb electrodes. 
We found that thermal coupling through electron diffusion is 
dominant in the graphene microbridge with Au electrodes at 
temperatures below 9 K, and the measured thermal 
conductance follows the Wiedemann-Franz law, i.e., with 
linear temperature dependence. The unexpected thermal 
coupling through electron diffusion limits the sensitivity of 
graphene-based hot electron bolometers [1]. Hence we 
adopted superconducting Nb electrodes to prevent 
out-diffusion of hot electrons. It has been found that with the 
aid of superconducting electrodes, hot electron energy can 
be well confined within the microbridge, and the thermal 
conductance is reduced by nearly two orders at 0.3 K.    
 

Fig. 1.  Measured thermal conductance of the graphene-based 
hot electron bolometers with Au contacts and with Nb contacts at 
different bath temperatures.  
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NOTES: 

 

Spectral imaging observations provide information on the 
composition and physical conditions of observed 
astronomical sources as well as their redshifts. Broadband 
imaging spectrometers are therefore playing an increasingly 
important role in terahertz astronomy. While different 
spectrometer techniques (e.g., FTS and grating) have been 
explored, on-chip integrated superconducting spectrometers 
such as SuperSpec [1] and DESHIMA [2], which are much 
more compact, are emerging as powerful imaging 
spectrometers in the THz regime (loosely defined as 0.1-10 
THz). Such an imaging spectrometer is based on a 
superconducting filter bank of low loss and high selectivity 
that splits a broadband signal into different frequency 
channels with a typical frequency resolution of 100-1000. 
Note that the broadband signal is firstly received by a 
broadband planar antenna and then transmitted to the 
superconducting filter bank. Each filter in the filter bank is 
followed by a microwave kinetic inductance detector for 
power detection. Obviously the detection sensitivity is 
defined by both the MKIDs and the filters. Furthermore, 
imaging is achieved by simply adding more pixels in a single 
chip, with each pixel providing an independent spectrum.  

Imaging spectrometers of this kind are still in their 
infancy, but they have received widespread attention. In this 
paper, we introduce a 350-GHz on-chip integrated 
superconducting spectrometer, which is developed for 
technical demonstration on the POST submillimeter 
telescope [3]. Based on aluminum (Al) MKIDs 
incorporating a Nb/SiO2/Nb microstrip-line filter bank, we 
are developing a 350-GHz on-chip integrated 
superconducting spectrometer with a frequency resolution of 
over 200. Detailed filter simulation and dark noise 
measurement results are presented.  
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NOTES: 

  

We are developing an HEBM at 2 THz for atmospheric 
research to measure emission line spectrum of OH at 1.83 
THz and O-atom at 2.06 THz from space. We have reported 
widening of the gain IF bandwidth of the HEBM using a 
newly proposed HEBM device which uses a magnetic thin 
film to suppress the superconductivity under the electrode 
which is called a Ni-NbN HEBM [1, 2]. The gain IF 
bandwidth was measured to be ~6.9 GHz. The gain IF 
bandwidth was measured by measuring a signal to noise 
ratio (SNR) of the beat note of the THz signal generated by 
an amplifier/multiplier chain (AMC) source with a fixed 
frequency and an output power. To measure the SNR of the 
beat note, the LO (AMC source) frequency was changed to 
change the beat note frequency. When the LO frequency is 
changed, the LO power is also changed which affects the 
operating conditions of the mixer, therefore, the LO power 
was adjusted to keep to the bias current of the mixer same at 
each LO frequency.  

In this experiments, however, we did not much care about 
the saturation problem of the received signal. That is, if the 
input THz power is too much, the IF output of the HEBM 
will saturate and lead to incorrect results. The IF bandwidth 
was measured for the input THz power without attenuation 
of the input power (i.e., full power of ~9 μW) and for the 
15 % of the power. The result shows that for the full power 
input, the IF response was almost flat with the SNR of ~53 
dB until around 8 GHz. For the 15 % of the power input, the 
IF level gradually decreased and result shows a reliable 
bandwidth. From this experiment, we can conclude that our 
previously measured gain IF bandwidth was not affected by 
such a saturation effect. 

To confirm the measured result of the IF bandwidth, we 
have also measured the noise IF bandwidth for the normal 
NbN and the Ni-NbN HEBM. The receiver noise 
temperature was measured by the conventional Y-factor 
method using a LNA and a room temperature amplifier with 
a frequency range of 1-12 GHz. A cryogenic 
amplifier/multiplier chain (AMC) source at 1.94 THz was 
used as a local oscillator (LO). The two triplers of the AMC 
source were cooled to 50 K using a mechanical cooler [3]. 
Although we need more confirmation experiments, the result 
(Fig. 1) shows the wider noise IF bandwidth for the Ni-NbN 
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HEBM of ~7 GHz than that for the NbN HEBM of ~4.7 GHz. 
The measured noise IF bandwidth is almost the same as the 
gain IF bandwidth.  
 

 
Fig. 1.  Measured noise IF bandwidth of the NbN and the Ni-NbN 
HEBM at a LO frequency of 1.94 THz. The Ni-NbN HEBM shows 
the wider bandwidth of ~7 GHz.  
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NOTES: 

  

There is a desire for an increased signal bandwidth 

within millimetre-wave receivers used in radio 

astronomy—beyond the single-mode range of rectangular 

waveguide.  One approach is to combine more circuitry 

using MMICs, as wideband components can be designed 

using strip transmission lines.  Ridged waveguides may also 

be used to extend the single-mode bandwidth. 

In contrast to MMIC receivers, waveguide components 

are bulkier, but do allow for receiver architectures to be 

broken up into individual blocks rather than a fully 

integrated chip. 

As a step towards a complete ridged waveguide receiver 

architecture (e.g., sideband-separating), a turnstile OMT 

using ridged waveguide is shown in Fig. 1, employing a  

T-junction combiner, E-bends, and a turnstile junction.  The 

design assumes a platelet-type layout using 6 stacked 

pieces.  Platelet assemblies are suitable for receiver array 

configurations and are compatible with 2.5-D 

manufacturing techniques spanning up to THz frequencies. 

Here, it is assumed that the OMT will be directly milled 

and a minimum filleting radius was chosen as 0.8 mm 

(~0.133×free-space wavelength of the highest frequency).  

A cloverleaf shape results for the feed horn port, derived 

from a quad-ridge guide with filleted edges.  Simulated 

performance is shown across 25–50 GHz in Fig. 2, and it is 

expected that the machined prototype (with transition) will 

demonstrate 15 dB return loss and 35 dB cross-polarisation 

separation. 

 
Fig. 1.  CAD model of a turnstile OMT using ridged waveguide. 
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Fig. 2.  Simulated performance of a ridged waveguide turnstile 

OMT:  (a) reflected power; (b) insertion gain using a surface 

conductivity of 1.5E7 S/m; and (c) cross-pol and higher-order 

reflected modes. 
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NOTES: 

 

Atomic oxygen is the dominant species in the 

mesosphere and lower thermosphere (MLT) region of 

Earth’s atmosphere. It plays an important role for the 

chemistry and energy balance of the MLT [1]. Its main 

coolant line is the 
3
P1-

3
P2 ground state transition at 

4.75 THz. The line shape of this transition cannot be 

resolved with typical Fourier-transform spectrometers. Due 

to water absorption, this line can also not be observed from 

ground. Currently, the only instrument which is capable of 

observing and resolving this transition is the upGREAT 

heterodyne receiver (German Receiver for astronomy at 

THz frequencies [2]) on board of SOFIA, the Stratospheric 

Observatory for Infrared Astronomy. However, 

observations are limited to night time and the radiometric 

accuracy is limited by the residual water vapor column still 

present at flight altitude.  

We propose a balloon-borne heterodyne receiver, which 

is dedicated to the observation of atomic oxygen in the 

atmosphere. The instrument will allow for a higher 

radiometric accuracy than upGREAT/SOFIA, due to the 

much higher flight altitude of stratospheric balloons. It will 

also enable observations of diurnal variations. Figure 1(a) 

depicts simulated line profiles as expected for different 

elevation angles, and Fig. 1(b) shows the absorption profile 

as expected for column density measurements against the 

sun. 

The instrument will be based on a dewar with a liquid 

helium stage for the receiver front end (hot-electron-

bolometer (HEB) mixer and low-noise amplifier) and a 

solid nitrogen stage to cool the quantum-cascade laser used 

as local oscillator [3]. The Si lens of the quasi-optical HEB 

mixer will allow for an angular resolution of 30’. A 

pointing mirror will be used to measure at different 

elevation angles. The instrument will comprise a calibration 

unit.  A filter unit will block most of the radiation from the 

sun, in order to allow for column density measurements 

against the sun. The backend of the receiver is a digital 

Fourier transform spectrometer. 

The total weight of the instrument will be approximately 

60 kg, which allows for combinations with other 
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instruments on a typical 150-kg payload gondola as 

provided by the European HEMERA program.  
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Fig. 1. (a) Simulated OI emission line shape at night for 

different elevation angles as measured with a ballon-borne 

heterodyne spectrometer (b) OI line profile with a hot background 

(sun at sunrise). NRLMSISE-00 data for Nov. 20th 2018, Kiruna 

N67.8°E20.2°. 
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NOTES: 

  

Dome A 5m Terahertz Explorer (DATE5) is a proposed 

telescope to be deployed at Dome A, Antarctica to explore 

the excellent terahertz observation condition unique to the 

site[1,2]. The low expansion property of carbon fiber 

reinforced plastics (CFRP) makes it more superior for the 

material of DATE5 antenna in such an extremely 

environment with large temperature difference. 

In order to meet the high surface accuracy requirement of 

10 microns rms for DATE5 primary reflector, there are two 

key challenges need to be settled in the development of high 

precision CFRP panel, which are the high precision molding 

accuracy and the high thermal stability respectively. 

The research on high precision CFRP sandwiched panel 

has been developed by Purple Mountain Observation (PMO), 

CAS since 2014[3]. In order to achieving high replication 

efficiency from the mold to improve initial surface accuracy 

of panel, process of additional replication by resin layer is 

also applied [4]. Huge surface error such as fiber print 

though on surface, residual curvature error caused by 

difference of CTE between panel and mold appeared after 

the first molding process with high press and temperature. 

As a treatment, a layer of room-temperature curable resin 

with low curing shrinkage (2.5%) is slightly pressed in front 

of sheet after the first molding process. The surface of the 

rich resin coating with a thickness of 0.1mm~0.2mm is well 

adequate to eliminated most of the surface error, as shown in 

Fig.1. 

 
    Fig.1 Primary reflector of microwave satellite 

   

Meanwhile, A parametric finite element model (FEM) of 

DATE5 reflector panel is established base on the basic 
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material properties of carbon fiber and resin used to predict 

its thermal deformation behavior at low temperature. The 

material properties are test at full temperature and the 

thermal deformation of the prototype panels are measured in 

a climate chamber. The thermal deformation behavior of the 

panel can be predicted more accurately by FEM after 

parameters corrected by experiments. 

Three types of panels with different core structures have 

been studied by PMO in the past five years, which are CFRP 

sheets collocated with aluminum honeycomb core, CFRP 

tubes array core and CFRP lattice core respectively, as 

shown in Fig 2. The initial surface accuracy of prototype 

panels with 1 meter size can be kept within 10 microns rms 

stably now. The curvature of surface shape of panel with 

aluminum honeycomb core will change easily at low 

temperature caused by the thermal deformation in the 

normal direction of aluminum honeycomb. And the thermal 

stability of all-CFRP panel structures are much better, the 

thickness and fiber volume content of sheets are key 

performance parameters which affect the thermal stability. 

 
           （a）Aluminum honeycomb core  

  
（b）CFRP tubes array core          （c）CFRP lattice core 

Fig.2 Three types of prototype panels 
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NOTES: 

  

Packaging active components (discrete transistors or 

microwave-monolithic circuits) into usable amplifiers is 

prone to produce resonances within the operation band, 

especially at high frequencies. In fact, the active 

components and its auxiliary circuitry have to be placed 

inside metallic cavities that, in principle, must be selected 

sufficiently small as not to allow the propagation of cavity 

modes within the frequency range of operation. However, 

as frequency increases, the dimensions of the required 

circuitry become, unavoidably, electrically large making 

difficult, if not impossible, to construct cavities that do not 

allow the propagation of the undesirable modes.  

One of the most common methods to reduce those modes 

is to place an absorbing material above the circuitry. 

However, it is not efficient as the larger the gain of the 

amplifier is, the stronger the resonance. A more efficient 

method has appeared recently, the use of metamaterials [1]. 

The idea is to create an artificial magnetic wall with a 

periodic structure that generates a stop-band on the 

frequencies of the undesired cavity modes. The method has 

been used in amplifiers operating up to 50 GHz [2].  

Recently, some of us presented a compact sideband 

separating downconverter appropriate for use in focal plane 

arrays [3]. The downconverter features a wideband mixer 

with an amplification stage in a novel architecture that 

allows obtaining an excellent return loss and good 

conversion gain in the W band. Despite of those excellent 

results, the mixer did not perform as intended as there was a 

clear reduction of the sideband rejection ratio between 84 

and 88 GHz. Extensive simulations demonstrated that the 

problem originated in a resonance appearing in the cavity 

containing the amplification chip, a commercial monolithic 

circuit. Experimental results confirmed that there indeed 

existed a resonance in the cavity that did not disappear even 

with the use of a lid with an absorber. In this paper we will 

demonstrate that the use of a suitable artificial magnetic 

wall, instead of the absorber, suppresses the undesired 

resonances. Fig. 1 summarizes some of the results that will 

be presented at the conference.  
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(a) 

 
(b) 

Fig. 1.  (a) Drawing of the cavity containing the amplifier. The 

lid containing the artificial magnetic wall is placed above the 

amplifier and can be replaced by one containing an absorber. Both 

situations were simulated in HFSS. For simplification, only the 

substrate and a microstrip line connecting the input and output 

ports were drawn in the simulator. (b) Simulated transmission 

through the cavity when absorbing material (solid lines) and an 

artificial magnetic wall (dashed lines) are used to close the cavity. 



NOTES: 

  

The use of the kinetic-inductance present in 

superconductors has bring about sensitive devices for use in 

diverse applications including radio astronomy. One of the 

most recent of such devices is the travelling-wave 

parametric (TKIP) amplifier. In this amplifier the 

superconducting material is fabricated (over a substrate) in 

the form of a transmission line that, owing to the kinetic 

inductance of the superconductor, has a nonlinear 

inductance. In such a medium a nonlinear parametric 

process can occur where several waves can exchange 

energy. Amplification results if only a limited number of 

waves is allowed to travel in the line. This is achieved by 

introducing adequate periodic perturbations in the line that 

produce stop bands at the selected frequencies. 

Since it is relatively easy to fabricate, a CPW line was 

selected for the first implementation of a TKIP 

amplifier [1]. Despite of the promising results, one problem 

arose due to this particular selection of line. Given the high 

kinetic inductance needed to produce amplification, only 

lines with high impedance could be fabricated. Although 

efforts were made in matching the line, its connection to an 

external 50- line resulted in large in the gain that render 

the device impractical. 

One way to reduce the impedance, but maintaining the 

use of CPW lines, is to construct them in the form of 

artificial transmission lines [2]. In this kind of line, small 

sections of a CPW are used to recreate a transmission line 

made of lumped-elements. Here we will present, first, a 

model to construct such lines. The validity of the model 

was confirmed with the use of HFSS and Sonnet. We will 

also present designs of TKIP amplifiers using this lines. 

Table 1 and Fig. 1 show some of the results that will be 

presented at the conference. 

 
1 Electrical Engineering Department, Universidad de Chile, Av. Tupper 

2007, Santiago, Chile. 

This work was supported by Conicyt through grants Fondecyt 1180700 

and Basal AFB-170002. 

REFERENCES 

[1] B. H. Eom, P. K. Day, H. G. LeDuc & J. Zmuidzinas, “A 

wideband, low-noise superconducting amplifier with high 

dynamic range,” Nature Physics, vol. 8, pp. 623–627, 

Aug. 2012. 

[2] S. Chaudhuri et al., “Broadband parametric amplifiers 

based on nonlinear kinetic inductance artificial 

transmission lines,” Appl. Phys. Lett., pp. 152061, 

Apr. 2017. 

Modelling of Travelling-Wave Kinetic-Inductance Parametric Amplifiers 

Implemented with  Artificial Transmission Lines 

F. P. Mena1, and D. Valenzuela1. 

 
(a) 

 
(b) 

Fig. 1.  (a) Circuital model of a unit cell of a (non-perturbed) 

superconducting artificial line made of CPW sections. (b) Bloch 

impedance of a perturbed line that can be used to implement a 

TKIP amplifier using four-wave mixing. Its dimensions were 

chosen as to obtain a Bloch impedance close to 50  in the 

intended operational range (0–5 GHz). 

Table 1. Two different designs of unperturbed lines. 

 Design 1 Design 2 

 Impedance fcut-off  Impedance fcut-off  

  GHz  GHz 

Model 53.2 1287 36.3 898 

Sonnet 58.8 --- 43.0 --- 

HFSS 57.6 --- 46.4 --- 
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Abstract—We present a new approach to develop a Josephson
Junction Travelling Wave Parametric Amplifier (JTWPA) that
could potentially minimise the gain-ripple effect. Our design
consists of a 50Ω superconducting niobium coplanar waveg-
uide (CPW) periodically loaded with series of Josephson junc-
tions (JJs) to provide the non-linearity required for wave mixing.
The embedded JJs alter the characteristic impedance of the
transmission line abruptly, therefore creating the stopbands in
the transmission (S21) for the suppression of higher harmonics
and provide the means for dispersion engineering required to
achieve exponential gain. The simulated gain profile of the
amplifier shows that we can obtain a minimum of 15 dB
gain from 4–12 GHz, close to a 100% bandwidth performance.
More importantly, the characteristic impedance of the main
linear transmission line remains unaffected by the strong pump,
therefore ensuring the TWPA remains impedance matched to
the input and output ports. This can reduce the unwanted gain
undulation that inflict the optimal performance of the TWPA.

I. INTRODUCTION

The development of cryogenic low-noise, broadband ampli-
fiers is motivated by wide ranging technologies that require
ultra-sensitive detection of weak microwave signals, such as
radio astronomy [1], [2], [3] and quantum computing [4], [5],
[6]. These applications generally use a high electron mobility
transistor (HEMT) amplifier to amplify the weak microwave
signals. However, the added noise of HEMT amplifiers is still
5–10 times the quantum limit, and their heat dissipation is
high. In recent years, there has been an intense interest in de-
veloping an amplifier with quantum-limited noise performance
that can achieve similar high gain over a broad bandwidth. The
superconducting travelling wave parametric amplifier (TWPA)
is an ideal candidate for realising such a device. TWPAs
achieve high gain by wave mixing which transfer energy from
a strong pump tone to the detected signal tone in a very long,
ultra-low loss non-linear transmission line. The non-linearity
is typically introduced by either the kinetic inductance of a
superconducting wire (KITWPA), or by Josephson junctions
embedded along the line. An alternative approach to realise
a JTWPA is to use superconducting quantum interference
devices (SQUIDs). This type of amplifier is generally referred
to as SQUID-based TWPA (STWPA).

To achieve exponential gain, the power dependent phase
difference between all the propagating tones needs to be
minimised. This can be done by engineering the dispersion
relation of the transmission line. In KITWPAs, the impedance
can be periodically varied along the line to achieve phase

matching, termed as the periodic loading scheme [7]. In
JTWPAs, where the phase difference between the propagating
waves is larger, resonators can be capacitively coupled to the
transmission line [8], [9]. Dispersion engineering can also be
achieved by the periodical modulation of the SQUID area in
STWPAs [10]. However, this approach requires the careful
control of the magnetic flux, which could complicate the
experimental setup.

Generally, the non-linear inductance of a JJ is much larger
than the kinetic inductance of a superconducting wire, hence
JTWPAs and STWPAs require a shorter transmission line
and lower pump power than KITWPAs for similar gain [8],
[10]. This results in a better noise performance compared to
KITWPAs, because even though the superconducting thin film
displays only a minuscule surface resistivity, a high current
passing through a very long line could still induce a non-
negligible resistive loss in terms of I2R.

Another challenge yet to overcome is matching the TWPA
to a 50 Ω environment. Experimental gain profiles of TWPAs
reported in the literature have been shown to suffer from
gain ripples which arise from the reflections caused by the
imperfect impedance matching at the input and output port of
the amplifier [7], [8], [10].

Here, we present a new method to design a JTWPA that
could potentially be better matched to a 50 Ω environment,
while retaining its low noise performance. A unique feature
of our TWPA design is that the main transmission of our
device is made up of a linear passive circuit component in the
form of a CPW, hence the characteristic impedance of the line
will not be altered by the strong pump. This in turn ensures
that the impedance between our device and the input/output
50 Ω interfaces is well-matched, minimising the gain-ripples
caused by reflections. Furthermore, we use periodic loading
instead of a large number of resonators to achieve phase
matching, simplifying the design significantly. The loading
sections, comprising of sets of JJs, are embedded along the
centre conductor of the CPW at equal distances, locally
altering the characteristic impedance, as well as serving as the
non-linear medium for wave mixing. These periodic sections
create stopbands in the transmission (S21) and provide the
required excursion in the otherwise linear dispersion relation.
Eliminating the need for resonators not only greatly simplifies
the fabrication process to increase yield, it also helps to reduce
the footprint of the amplifier.
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Fig. 1. (a) Circuit diagram: CPW is matched to the 50 Ω input/output. The unit cell consists of three CPW sections and three sets of JJs where one set
has fewer (or more) junctions. The total length is half the wavelength of the central frequency. (b) Schematics of the amplifier: sets of JJs are periodically
embedded in the centre conductor of a 50 Ω CPW, locally altering its characteristic impedance to Z1 (c)&(d) Drawings show how the tunnel junction can
be embedded along the CPW line. Gaps are created along the central conductor of the CPW, where thin layer of SiO2 is deposited to protect the junction,
before the top Nb layer is used to connect the CPW line.

II. DESIGN CONCEPT

There are two approaches to realise the periodic loading
scheme with JJs. One option is to equally space the JJs
along the transmission line, and periodically alter the junction
size (thus the characteristic impedance) of a few of them to
create the required stopbands and dispersion gap. However,
this approach is hard to realise in reality. The transmission
line is long compared to the junction size, thus the number of
junctions required would be formidable from the fabrication
point of view. To reduce the number of JJs, they could be
distributed sparsely along the main transmission line, but in
this case, they no longer behave as distributed elements, but
rather as discrete lumped elements, and exponential parametric
gain may not be possible.

A better solution is therefore to embed sets of JJs only
at the loading sections. The junctions in a set are packed
closely together to ensure that they behave as a distributed
element. The spacing between the sets is chosen to be approx-
imately one sixth of the wavelength (λc) of the central/pump
frequency. This creates a large stopband at three times the
pump frequency to suppress the unwanted third harmonic that
may cause a shock wave in the amplifier. Additionally, every
third of these sets have a reduced (or increased) number of
junctions, to create the auxiliary stopbands and divergence in
the wave vector near the pump frequency for exponential gain.

Fig. 1(a) and (b) illustrate the concept of our periodically
loaded JTWPA. The low loss transmission line is expected to
be realised as a niobium (Nb) CPW line, shown in green,
in which the geometry will be optimised to obtain 50 Ω
characteristic impedance. At the loading sections, junctions are
embedded in the central conductor, altering the characteristic
impedance from Z0 to Z1 at every ∼ λc/6. The junction
sections will be designed such that their dimensions match
the width of the central conductor, as shown in Fig. 1(c). The
single unit cell consists of three 50 Ω CPW sections, three sets

of JJs where the third set has fewer (or more) junctions, as
highlighted by the dashed box in Fig. 1(a). The length of such
a unit cell corresponds to half the wavelength of the central
frequency.

The tunnel junctions considered here comprise of niobium
superconducting electrodes sandwiching an aluminium-oxide
tunnelling barrier, as shown in Fig. 1(d). We expect to fabricate
the junction array using the standard trilayer technology via
Self-aligned Niobium Etch Process (SNEP) [11], [12], as
shown in Fig 1(c) and (d). First, the Nb-AlOx-Nb trilayer is
formed across the entire wafer. Next, the trilayer is etched
away to pattern the ground plane and the ‘bottom’ centre
CPW strip line. The junctions are then defined by etching
off the top Nb layer of this remaining trilayer apart from the
area where the junctions are located. Before depositing the
top Nb ‘wiring’ layer, a thin (few tens of nanometer) layer of
SiO2 is deposited around the junctions and in the gaps along
the ‘bottom’ centre CPW strip line, to ensure that there is
no electrical contact between the bottom and the top junction
electrodes. Finally the ‘top’ Nb layer is deposited to complete
the fabrication of the TWPA.

The choice of using Nb as the main superconducting
material to form the transmission line and the JJs is mainly
motivated by our aim to develop an ultra-low noise amplifier as
readout for our superconductor-insulator-superconductor (SIS)
receiver. This approach would allow the amplifier to operate
at liquid helium bath temperatures, therefore a convenient
integration is possible with SIS mixers. Higher gap temper-
ature superconductor can be used as well in theory, but as
mentioned earlier these type of high gap superconducting films
will unavoidably have higher surface resistivity which could
cause higher losses. Furthermore, fabrication of high-gap su-
perconducting tunnel junction still remains a very challenging
task [13], [14]. The use of Nb technology will also allow us
to further integrate the TWPA with the SIS mixer on a single
chip forming an integrated receiver in the future.
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III. SIMULATION & ANALYSIS

Based on the idea presented above, we have designed a peri-
odically loaded JTWPA with a series of identical 1µm2 tunnel
junctions embedded along a CPW line. The critical current of
the junction is set to IC = 3.24µA, with junction inductance
LJ = 101.48 pH, and junction capacitance CJ = 72.7 fF. Each
tunnel junction is shunted with a capacitor of 12 fF, increasing
the impedance of the loading section from 50 Ω to about 93 Ω,
creating a large and abrupt impedance perturbation. In each
unit cell, the 50 Ω line is interrupted by two sets of 4-JJ arrays,
and a third set of 2-JJ array loading sections. The distance
between these sets of JJ arrays is approximately 0.15λc with
the 4-JJ array occupying about 0.02λc and the 2-JJ array about
0.01λc, resulting in a total of λc/2 long unit cell.

The combination of these design parameters produces deep
stopbands in the S21 transmission profile and causes the
dispersion near these gaps to diverge exponentially away from
the otherwise linear relation, as shown in Fig 2(a). Here, we
cascaded 70 unit cells together to form the JTWPA, which
means a total of 700 junctions are required for each amplifier.
The pump frequency is set to be near 8 GHz to obtain the extra
dispersion required to compensate for the phase mismatch of
all the waves travelling down the line. The large stopband near
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Fig. 2. (a) The dispersion relation of the amplifier shows divergencies where
there is a stopband in the S21 profile. The ripple in the S21 curve is caused
by the large mismatch between the loading section and the 50 Ω transmission
line which is compounded due to the cascade of a large number of unit cells.
(b) Gain profile simulated for the periodically loaded JTWPA comprising
of 70 unit cells. It shows that at least 15 dB of gain is achievable across
approximately 100% bandwidth. The pump frequency is set to 9.79 GHz,
with a pump power of Ip/IC = 0.65. The dashed curve shows the JTWPA
without periodic loading scheme, but with the same number of JJs embedded
uniformly along the CPW line. (c) The total phase mismatch between all
waves i.e., the pump, signal, and idler, as the function of the frequency.
Without the phase matching technique, the minimal phase difference is far
from ∆k = 0, hence high exponential gain is not possible. By setting the
fp = 9.79 GHz, we obtain the additional dispersion correction required to
achieve ∆k → 0 across a broad bandwidth, hence achieving high gain over
wide operational bandwidth.
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Fig. 3. (a) The gain-bandwidth product of periodically loaded JTWPAs with
three different lengths: 70, 140 ,and 210 unit cells. The pump current is set to
Ip = 0.46IC for all curves simulated. As expected, with longer transmission
length, the interaction time between the signal and the pump waves is longer,
hence higher gain is achievable. (b) The parametric gain as the function of
the pump current for the three different cases. The left-pointing arrows show
the gain at 7 GHz, where Ip = 0.46IC . To achieve 20dB gain at 7 GHz,
the 210-cell design requires only Ip = 0.4IC , whereas the 140-cell design
requires Ip = 0.48IC , and the 70-cell case requires Ip = 0.64IC .

24 GHz is created to suppress the third harmonic of the pump
wave.

Fig. 2(b) shows the gain curve of our periodically loaded
JTWPA. As can be observed, we managed to achieve more
than 15 dB gain from 4–12 GHz, a 3:1 (100%) gain-bandwidth
product, with the maximum gain approaching 25 dB. This
high gain is made possible by setting the pump frequency
near the first stopband, around 8 GHz, where the dispersion
increases rapidly. By carefully choosing the position of the
pump frequency (fp=9.79 GHz), we can reduce the total phase
mismatch to be close to zero (∆k → 0) across a large
bandwidth, as shown in Fig. 2(c). The corresponding pump
current required in this case is approximately Ip = 0.65IC .
For comparison, we plot the gain-bandwidth product and the
phase mismatch of the same JTWPA without the periodic
loading scheme, i.e. uniformly spreading the same number of
JJs along the 50 Ω line, while keeping the same pump wave
settings. It is clear that without the periodic loading scheme,
the mismatch ∆k is too large for high gain at all frequencies,
therefore not only the maximum gain is reduced from close
to 25 dB to about 10 dB, but the relative bandwidth is reduced
significantly as well.

As mentioned, high pump current is undesirable since it
might incur high resistive loss in the form of I2R, thus
degrading the noise performance of the amplifier. For relatively
thin Nb film at microwave frequency, the surface resistance
should be minuscule at cryogenic temperature, compared to a
high gap superconducting film of the same thickness. However,
depending on the quality of the superconducting Nb film, the
surface resistive loss could still be significant, especially in
the case of a TWPA where the transmission length is long.
This is particularly concerning for operation at liquid helium
bath temperature, at only 40% of the critical temperature of
Nb. A potential solution to eradicate this predicament is to
reduce the pump power at the expense of a longer transmission
length. This means the number of Josephson junctions needs
to be increased as well. Fig. 3(a) shows the comparison of the
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achievable gain for three different periodically loaded JTWPAs
with different lengths: the original design comprising of 70
unit cells, a 140-cell design, and a 210-cell design (700 JJs,
1400 JJs, and 2100 JJs, respectively). In this example, we fixed
the pump power to be half of the value previously considered,
i.e., Ip/IC = 0.46, and adjusted the pump frequency for
optimal gain. As shown in Fig. 3(a), with longer transmission
length, we can achieve a higher gain, as expected. In the case
of the 140-cell design, the gain-bandwidth product is almost
the same as for the original design, but requiring only half
the pump power. This is further illustrated in Fig. 3(b) where
the left-pointing arrows show the peak gains of 8, 22, and
38 dB for the 70-cell, the 140-cell, and the 210-cell designs,
respectively. Another way to depict the effect of longer trans-
mission lengths is shown by the black dots in Fig. 3(b). To
achieve 20 dB peak gain, a 210-cell JTWPA requires only
about Ip/IC = 0.36 while the 70-cell design requires close
to Ip/IC = 0.6, 2.78× higher pump power. Nevertheless, it
is worthwhile noting that the longer transmission length may
complicate the fabrication of such a TWPA, as the number of
tunnel junctions required becomes much higher which might
affect the fabrication yield. However, with the mature Nb
tunnel junction technology, we believe that TWPAs with such
high number of tunnel junctions are realisable.

IV. CONCLUSION

We have presented a broadband Josephson junction travel-
ling wave parametric amplifier with close to 15 dB-100% gain-
bandwidth product. Phase matching is achieved by periodically
embedding sets of JJs in the centre conductor of a linear
50 Ω coplanar waveguide. Because of the linearity of the main
transmission medium, this amplifier has a great promise to
display a ripple-free experimental gain curve. Although the
design presented in this paper was focused on using Nb as the
main superconducting material for both the transmission line
and the tunnel junction, the simplicity of the design means
that it can be adapted for other superconducting materials as
well. For example, replacing niobium with aluminium would
make the amplifier suitable for quantum bit (qubit) platforms
that are being developed for quantum computation and infor-
mation applications. These platforms generally use aluminium
technology to construct the qubits and the corresponding
superconducting circuitry, therefore on-chip integration of an
aluminium TWPA is feasible without complicating the fabri-
cation procedure.
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NOTES: 

  

The SPICA mission (SPace Infrared telescope for 
Cosmology and Astrophysics) is a proposed satellite 
equipped an infrared space observatory with a large, 
cryogenically cooled telescope which will provide infrared 
spectroscopy with the wavelength range of mid- (12~36 μm, 
SMI) and far-infrared (34~250 μm, SAFARI) and far-
infrared polarimetry in 3 bands (110 µm, 220 µm, 350 µm, 
B-BOP). SAFARI (SpicA FAr-infraRed Instrument) is an 
imaging Fourier transform spectrometer with a 2'×2' 
instantaneous field of view for 34~250 um. It will offer the 
sensitivity of the R ∼300 (SAFARI/LR mode) about 5 × 
10−20 Wm−2 (5σ/1h) assuming a TES (Transition Edge Senor) 
detector NEP (Noise Equivalent Power) of 2 × 10−19 W/√Hz 
[1]. A calibration source assembly is coupled to SAFARI to 
perform absolute calibration. The output signal of calibration 
source is geometrically diluted by an integrating sphere (IS). 
Our design of calibration source assembly consists of two 
microlamps and IS. The output signal of IS is expected to be 
a blackbody radiation and be homogeneously illuminated. 
The inner surface of IS must be rough to randomly scatter 
the THz light in the sphere. The loss of roughened surface 
has to be as low as possible to prevent the degradation of 
output power of IS. Here we will present the progress of IS 
for SAFARI calibration source assembly. 

We have created rough surface on the inner side of 
aluminum semi-sphere with various methods. To increase 
the reflectance, we deposited Au film of 1 µm after surface 
is roughened. We measured the output spectrum of 5cmf IS 
at room temperature in FTS (Fourier transform spectroscopy) 
with commercial InSb cryogenic detector made by QMC 
Instrument Ltd. Similar to SRON’s early result [2], the loss 
of sandblasted surface is high. We attribute such loss to the 
highly twisted surface after bombardment. The estimated 
reflectance is only about 0.63 if the reflectance of smooth 
surface is 0.96. This issue was solved by adding the 
aluminum wet etching process after sandblasting. Figure 1 
compares the output spectra of IS with smooth (red line) and 
roughed (black line) surfaces in the wavelength range of 30-
300 µm. The IS with roughened surface has a slightly low 
output intensity at short wavelength region ( < 100µm).  The 
ratio of their intensity is about 1.4. The estimated reflectance 
of roughened surface is 0.93 if the value of smooth surface 
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is 0.96. In long wavelength region, the output intensity 
difference between two ISs is negligible. Our result indicates 
the loss of is significantly reduced if the sandblasted surface 
is treated by aluminum wet etching process additionally. The 
spatial uniformity of IS output power was measured. The 
measured pattern agrees the calculated pattern based on 
blackbody radiation assumption. The detail will be present 
in this paper. 

   

 
 

Fig. 1.  Upper: The photo of roughened surface of integrating 
sphere. Lower: The comparison between the output spectra of 
integrating spheres with smooth (red) and roughed (black) 
surfaces. Their intensity ratio is about 1.4 at wavelength shorter 
than 100 µm and close to 1 at long wavelength region. The 
estimated surface reflectance of roughed surface is about 0.93 if 
the value of smooth surface is 0.96. 
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NOTES: 

 

High resolution spectroscopy has been proven to be a 

powerful tool in atmospheric and astronomical research, 

ranging from millimeter wavelength to mid-infrared 

wavelength range. As demonstrated at millimeter/sub-

millimeter wavelength region, multi-beam heterodyne array 

receivers play a vital role, not only due to its improved 

mapping speed but also with the enhanced sensitivity in the 

continuum observation mode. However, at mid-infrared 

wavelengths, multi-beam heterodyne array receiver has not 

been reported yet, which is largely due to the complexity of 

efficiently demultiplexing the local oscillator (LO) source. 

We have developed a fiber coupled demultiplexed local 

oscillator source for cryogenic application based on a 

distributed feedback quantum cascade laser (QCL) at an 

operating wavelength of 10.6 m. Reflection phase grating 

generating 2×2 beams has been achieved with a total power 

efficiency of 64% based on gold covered etched silicon 

pattern. The diffraction beam has been readily coupled into 

a 2 meter long polycrystalline fiber with a core diameter of 

240 m, with 49% coupling efficiency achieved using an 

aspheric lens. Despite the 48% transmission coefficient for 

the polycrystalline fiber, Gaussian-like beam with a FWHM 

of 200m has been delivered at the fiber output. By aligning 

the fiber core position to the center of a superconducting hot 

electron bolometer mixer placed at 4 K in a closed-cycle 

cryostat, we demonstrate the application of fiber coupled 

demultiplexed QCL source for pumping the superconducting 

mixer with adequate LO power. 

 
1 Purple Mountain Observatory, Chinese Academy of Sciences, 10th 

YuanHua Road, Nanjing, 210033, China 
2 Key Lab of Radio Astronomy, Chinese Academy of Sciences, 10th 

YuanHua Road, Nanjing, 210033, China 

 
 

Fig. 1.  Experimental result of diffraction pattern at 10.6 m 

for the step phase grating. 
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NOTES: 

 

It is well known that a quasiparticle 

superconductor-insulator-superconductor (SIS) tunnel 

junction potentially allows positive conversion gain in the 

down-conversion process from millimeter wave to 

microwave. In recent, it was found that the tunnel junction 

could also have positive up-conversion gain from 

microwave to millimeter-wave [1]. Utilizing this bilateral 

gain in the SIS up- and down-conversion processes, we 

demonstrated a microwave amplification with low power 

consumption in several micro-watts using a 

proof-of-concept test module. The module uses SIS up- and 

down-converters which were connected in cascade and 

driven by an identical local oscillator (LO) power. The 

superconducting microwave amplifier based on this concept 

is promising for future radio astronomical heterodyne 

instruments such as a large scale multi-beam receiver at 

(sub-)millimeter wavelengths [3], but it has not been studied 

well so far. 

In order to design the amplifier with low noise and high 

gain, it is important to characterize both the SIS converters in 

radio frequency (RF) and intermediate frequency (IF). 

However, in general, the evaluation of cryogenic devices 

based on a module approach has been carried out at 

millimeter-wave and even microwave frequencies. In this 

case, the measured conversion gain and impedance are 

affected by interconnections and interfaces of the package, 

e.g. connectors, bonding wires and transmission line. This 

requires correction of the measured values to extract device 

parameters, which causes uncertainties.  

We have established a characterization system for an SIS 

up- and down-converter using a 4-K cryogenic probe station 

in combination with a vector network analyzer up to 50 GHz 

(Fig.1). The characterization system allows us to directly 

measure mixer conversion gain and reflection coefficients at 

RF and IF. It consists of a high pass filter with fcutoff of 26 

GHz and a low pass filter with fcutoff of 21.5 GHz to divide 

the RF and IF signals, and a broadband 20-dB coupler for 

LO power injection. The LO chain uses a microwave 

synthesizer and a frequency doubler within an output 

frequency of 26.5-40 GHz. A DC bias voltage to the SIS 

junction is applied via a bias tee. A vector network analyzer 

(N5225B PNA, 10 MHz-50 GHz) produced by Keysight 
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technology was used to measure the frequency conversion 

properties.  

For accurate characterization of conversion properties, a 

scaler mixer calibration technique was employed. An SIS 

device sample based on Nb/Al/AlOx/Nb junctions with a 

diameter of 0.8 m and critical current density of 

approximately 5.5 kA/cm2 was used for the verification of 

the measurement technique. 

In the conference, the characterization method and 

measurement example of the SIS converter will be 

presented.  

 

 
Fig. 1.  Schematic of the on-wafer characterization system for an 

up- and down-converter.  
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For quasi-optical elements in the millimeter and sub-
millimeter range, silicon is an interesting material. Its high 
refractive index facilitates the production of compact and 
lightweight elements. Moreover, its thermal conductivity 
allows better thermalization at cryogenic temperatures, and 
the loss tangent of bulk high-resistivity silicon (tan δ < 
10-4) is without competition.  

Silicon is however very difficult to machine, and the high 
refractive index necessitates the use of anti-reflection 
coatings. Micromachined anti-reflection coatings have been 
developed for planar substrates but become increasingly 
more difficult for curved surfaces of e.g. lenses. 

In this work, we follow a different approach. We use the 
fact that it is possible to modulate the refractive index of a 
material by inserting sub-wavelength voids and changing 
the fill factor of the voids. This way, a silicon metamaterial 
with a dielectric constant between 3.3 and 11.7 can be 
generated [1].  

From (visible) optics it is well known that a curved 
surface, such as a lens, can be mimicked by a planar 
element that has the appropriate refractive index gradient. 
Thus, we designed a planar silicon element, with an 
expected focal length of 180 mm. The lens has a diameter 
of 50 mm, and the effective dielectric constant varies 
continuously from 11.2 in the center to 3.3 at the edges of 
the lens, by the means of an hexagonal array of holes with a 
period of 104 µm and a hole size varying from 13.4 µm in 
the center to 81 µm at the edges. The total thickness of the 
lens is 1 mm, which is about an order of magnitude thinner 
than an equivalent (curved) polyethylene lens with a similar 
focal length. 

The element was fabricated out of four 250 µm thick, 
high-resistivity silicon wafers that were micromachined 
using a Bosch process in an inductively coupled plasma 
etcher. The wafers were aligned using dowell pins, and 
pressed together in a dedicated holder. The same process 
was used to fabricate two anti-reflection coating layers, 
using 250 µm wafers with an adapted dielectric constant 
profile, such that the dielectric constant is given by εAR(x) 
= √εlens(x). The thickness of the AR coating is chosen such 
that the averaged reflection over the surface of the lens is 
minimized, since the optimal quarter-wave adaptation is 
impossible using a planar design with varying dielectric 
constant. The modular design of our devices easily allows 
for more intricate AR coatings consisting of multiple layers 
of varying thickness and dielectric constant. 

The fabricated lens was subsequently characterized in an 
antenna range. We find that the imaging properties of the 
lens are excellent, but that the effective focal length is 
approximately 30% smaller than designed. The measured 
value is confirmed by CST simulations of the structure (see 
Fig. 1). This difference is attributed to the fact that the lens 
is of comparable thickness to the wavelength, privileging 
near-field effects, and rendering ray-optical approaches 
such as used for the design insufficient. Simple 
transmission measurements indicate the effectiveness of the 
AR coating. 

The presented technology offers great perspective in 
terms of compact, planar, low-loss optics. Moreover, the 
technology can be easily integrated with silicon detector 
wafers, and future developments that involve more 
elaborate anti-reflection coatings, integrated filtering, or 
microlens arrays, are just part of the possibilities. 

We will discuss further optimization of this technology 
towards actual optical elements for radio-astronomy 
applications, as well as the current limitations of the used 
technology. 
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Fig. 1.  (left) Measured beam profile of a microwave feed 
horn imaged by the silicon metamaterial lens. (right) On-axis 
intensity as a function of distance, measured (red) and as 
simulated with CST (green). Both measurements and 
simulations are made at a frrequency of 150 GHz. 
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NOTES: 

  

VLBI (Very Long Baseline Interferometer) observations 
generally require circular polarized detection. Since these 
radio signals are extremely weak, radio-astronomical 
receivers are usually operated at cryogenic temperatures to 
have very low noise performance. Septum type polarizers 
or a combination of an OMT (Orthogonal mode 
Transducer) and a 90-deg differential PS (Phase Shifter) 
can be employed in millimeter-wave receivers for 
dual-circular polarization observations. Septum type 
polarizer is usually used to observe circular polarization in 
satellite communications or low frequency VLBI receivers, 
because of its low insertion loss and compact structure. 
However, the fractional bandwidth of septum type polarizer 
is limited less than 25 %. On the other hand, a combination 
of an OMT and a 90-deg differential phase shifter has a 
potential for realizing much wider-bandwidth circular 
polarizer.  Since OMTs have wideband performance 
generally [1], it is important to develop a broadband 90-deg 
phase shifter for wideband circular polarization 
observations in VLBI. 

A reported fractional bandwidth of wideband PS is so far 
up to 30 % [2]. The fractional bandwidth of PS is limited by 
the frequency dependence of the phase shift. To decrease 
the frequency dependence of the phases, we examined 
whether a wideband phase shifter could be developed by 
combining PSs with different phase shift characteristics. 
Then we have discovered that ridge type PS and corrugated 
type PS have different characteristics. We have designed 
and fabricated wider band PS by combining the corrugated 
and ridge structures, and obtained a good performance with 
the fractional bandwidth of ~50% at 70-118 GHz (Fig. 1). 
We also designed and fabricated a wideband OMT with the 
fractional bandwidth of ~50% at 67-116 GHz. We are 
currently assembling to its wide band PS and OMT, and 
measuring the characteristics of wideband circular 
polarizer. 

At the conference, we will present the measurement 
performance of wideband circular polarizer. 
 

1 Osaka Prefecture University, Sakai, 599-8531, Japan. 
2 Institute of Space and Astronautical Science, Sagamihara, 252-5210, 

Japan. 
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Fig. 1.  Simulation and measurement performances of the 

broadband PS composed of ridge type and corrugated type PS. 
Upper graph shows the phase differences between each 
polarization. Lower graph shows the return loss. 
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Preliminary Design of a Multibeam Receiver
for the SMA

John D. Garrett, Paul K. Grimes, and Cheuk-Yu Edward Tong

Abstract—In these proceedings, we present the preliminary
design of a multibeam receiver for the Submillimeter Array
(SMA). The design is centered at 345 GHz, which was chosen to
coincide with the scientifically important CO(3–2) emission line
and its common isotopes. The design presented here has 3 pixels,
but we plan to expand the array to 7 pixels in a hexagonal pattern
in a future iteration. The array uses sideband separating (2SB)
receivers, which greatly improves the mapping speed for narrow
emission lines, when compared to equivalent double sideband
receivers. Compared to the wSMA’s planned high-band dual-
polarization receiver, a 7-pixel 2SB multibeam system should
provide ∼7 times faster mapping speed. This would allow for
large-scale mapping of molecular emission lines in the Milky
Way and nearby galaxies with very high angular resolution.

Index Terms—multibeam receivers, focal plane arrays, SIS
mixers, superconducting detectors, submillimeter-wave astron-
omy

I. INTRODUCTION

THE Submillimeter Array (SMA) is an eight-element radio
interferometer located near the summit of Mauna Kea,

Hawaii, that operates from 180-420 GHz. It is currently under-
going a large-scale upgrade to improve the noise performance
and increase the instantaneous bandwidth of its receivers [1],
[2], [3]. Through the wideband SMA (wSMA) upgrade, the
SMA antennas will be refitted with new cryostats housing
new receiver cartridges. These receivers will operate over
two bands: a low-band from 210–270 GHz and a high-band
from 280–360 GHz. Among other benefits, the new receivers
will improve the SMA’s sensitivity to continuum sources and
increase the number of emission lines that can be observed
simultaneously. Since the new wSMA cryostat will be smaller
than the current SMA cryostat, there will soon be enough room
to host guest receivers inside the receiver cabins, allowing
for the ability to test new receiver designs with the wSMA,
including new multibeam systems.

Multibeam receivers (also called focal plane arrays) have the
potential to increase the mapping speed of a telescope by a
factor equal to the number of pixels N within the array (when
compared to an equivalent single-beam design). However, the
mapping speed is also inversely proportional to the system
noise temperature Tsys squared:

mapping speed ∝ N

T 2
sys

(1)
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Therefore, any increase in the system noise temperature can
quickly negate the speed improvement afforded by the array.
This means that any multibeam system must add additional
pixels without compromising on the state-of-the-art noise
performance of modern single-beam systems. Additional chal-
lenges include efficiently coupling each pixel to the main
dish, managing the added mechanical/electrical complexity,
dividing and injecting the local-oscillator (LO) signal without
interfering with the astronomical signal path, and processing
the additional intermediate frequency (IF) signals. (Compre-
hensive discussions of focal plane arrays can found in [4], [5],
[6].)

Overall, a multibeam receiver on the wSMA would allow
for wide-field mapping of molecular emission lines at high
angular resolution. The improved mapping capability would be
beneficial for a variety of observations, including the study of
star formation in the Milky Way and nearby galaxies. It would
also be the first multibeam system on an interferometer, taking
advantage of the wSMA correlator system. As such, it would
be able to act as a pathfinder for future multibeam systems on
other large submillimeter-wave interferometers, such as the
Atacama Large Millimeter/Submillimeter Array (ALMA) and
the Northern Extended Millimeter Array (NOEMA). Due to its
modest size and the ability to host guest receivers, the wSMA
provides an excellent environment to test and develop new
multibeam receivers for submillimeter wave interferometers.

In this work, we discuss the requirements for a multibeam
receiver on the wSMA in Sec. II, investigate the potential map-
ping speed improvement in Sec. III, and present a preliminary
multibeam system in Sec. IV. Sec. V concludes this study.

II. DESIGN CONSIDERATIONS

There are several design considerations, specific to the
wSMA, which influence the optimal multibeam receiver archi-
tecture. First, the maximum size of an array on the wSMA is
limited by the size of the Nasymth tubes within the antennas. A
low-band array (ν ∼ 230 GHz) would be limited to ∼3 pixels
in a triangular pattern and a high-band array (ν ∼ 345 GHz)
would be limited to 7 pixels in a hexagonal pattern. Since
both bands target important molecular emission lines (e.g.,
the CO(2–1) and the CO(3–2) transitions, respectively) and
both have good atmospheric transmission at the SMA site, a
7-pixel array centered at 345 GHz presents a greater potential
mapping speed improvement.

Secondly, the array will use a similar backend to the wSMA.
Assuming a total processed IF bandwidth of 64 GHz, this
limits the IF bandwidth to ∼4.6 GHz per pixel for a 7-pixel
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2SB receiver or ∼9.2 GHz per pixel for a 7-pixel DSB array.
Since the total processed IF bandwidth will be identical to the
wSMA’s single-beam receivers, the primary advantage of the
array will be mapping narrow emission lines (the continuum
mapping speed will be similar to the wSMA). Therefore,
image sideband rejection would help to lower the system
noise temperature and further increase the mapping speed.
This could be accomplished by using a sideband separating
(2SB) mixing scheme, or by terminating the image sideband
in a reactive or cryogenic load (e.g., using a narrow bandpass
filter to only pass the desired signal).

III. MAPPING SPEED IMPROVEMENT

In this section, we compare the mapping speed of different
multibeam receiver architectures: double sideband (DSB) re-
ceivers and single sideband (SSB) receivers. Based on Eqn. 1,
the mapping speed of two different multibeam receivers can
be compared using:

Γ2,1 =
N2

N1

(
Tsys,1

Tsys,2

)2

(2)

where Tsys is the SSB system noise temperature1 (including
receiver and atmospheric noise) and N is the number of pixels
in the array (N = 1 for a single-beam receiver).

For a ground based DSB receiver, the SSB system noise
temperature is [7], [8]:

TDSB
sys =

2
(
TDSB
rx + Tsky

)
e−τ

(3)

where TDSB
rx is the DSB receiver noise temperature2, Tsky

is the atmospheric brightness temperature, and e−τ is the
atmospheric transmission. Likewise, for a SSB receiver, the
SSB system noise temperature is:

T SSB
sys =

2TDSB
rx + Tsky (1 + 1/Rsb)

e−τ
(4)

where Rsb = Gs/Gi is the sideband ratio, i.e., the ratio of the
signal sideband gain Gs to the image sideband gain Gi. For
an ideal SSB receiver, Rsb →∞ and Eqn. 4 reduces to:

T SSB
sys =

2TDSB
rx + Tsky
e−τ

(5)

Note that Eqns. 3–5 ignore several noise contributions, includ-
ing the cosmic microwave background and spillover effects.
The main beam efficiency and the loss of the sideband separa-
tion scheme are also ignored. More detailed Tsys calculations
can be found in [8], [9].

Using Eqns. 3–5, the system noise temperature is plotted in
Fig. 1 for SSB and DSB receivers. For this plot, we assumed
TDSB
rx = 55 K, which is the target value for the wSMA’s

single-beam high-band receiver [1], and we calculated e−τ and
Tsky using the am atmospheric model [10] with a precipitable
water vapor of 1.86 mm (the median value at the SMA site).

1In this report, we always use the SSB system noise temperature, unless
specified otherwise. The SSB Tsys is the most important figure-of-merit for
observing narrow emission lines, which are only present in one sideband.

2TDSB
rx is the noise temperature value that is normally measured in the lab

via the Y-factor technique (since the test signal is present in both sidebands.)
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Fig. 1. Estimated SSB system noise temperature (Tsys) of DSB and SSB
receivers (Eqns. 3–5). For this plot, we assumed TDSB

rx =55 K and a
precipitable water vapor of 1.86 mm, which is the median value at the SMA
site. The atmospheric properties were calculated using the am atmospheric
model [10].
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Fig. 2. Mapping speed ratio of a SSB receiver compared to a DSB receiver
(left y-axis; calculated using Eqn. 2). This is plotted for two different zenith
angles: z=0◦ and z=45◦. The right y-axis compares a 7 pixel SSB multibeam
receiver to the wSMA’s single-beam DSB receiver.

As we can see, the ideal SSB receiver (Rsb → ∞) has a
significantly lower Tsys value than the DSB receiver because it
is able to remove the atmospheric noise contribution from the
image sideband. This reduces the overall Tsys value by ∼29%
at 345 GHz. Even with a modest sideband ratio of Rsb = 10,
the atmospheric noise in the image sideband is reduced by
90% and Tsys is reduced by ∼26%.

Based on Eqn. 2, lower system noise temperatures result
in faster mapping speeds. In Fig. 2, the mapping speed of a
SSB receiver is compared to a DSB receiver. As we can see,
at 345 GHz, the SSB receiver has a mapping speed that is
approximately twice as fast as the DSB receiver. Furthermore,
the SSB receiver provides an even greater mapping speed
improvement as the atmospheric transmission worsens (e.g.,
when there is a higher precipitable water vapor or a larger
zenith angle).

The downside is that SSB receivers are much more com-
plicated than DSB receivers. For example, image rejec-
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tion can be accomplished by a tuneable waveguide back-
short (e.g., HERA [11]), a Mach-Zehnder interferometer
(e.g., HARP [12]), a Martin-Puplett interferometer (e.g.,
CHAMP+ [13]) or a cryogenic waveguide bandpass filter.
These image rejection schemes generally have limited IF
bandwidth and are very cumbersome. Another option is to
separate the signal and image sidebands using a 2SB receiver.
This has the added advantage of recovering both the upper
and lower sidebands; however, it essentially doubles the com-
plexity of the receiver. For example, a 2SB receiver requires
a 90◦ hybrid for the RF signal, a power divider for the LO
signal, two RF/LO diplexers and two SIS mixers per pixel.
For our purposes, the added complexity of the 2SB receiver
architecture is acceptable because our array will be a relatively
modest 7 pixels.

We can rewrite Eqn. 2 to calculate the mapping speed
improvement of a 7-pixel 2SB mutlibeam receiver when
compared to the wSMA single-beam receiver3:

Γ7SSB,wSMA =
7

2

(
TDSB
sys

T SSB
sys

)2

(6)

This value is plotted in Fig. 2 using the y-axis on the right-
hand side. As we can see, a 7-pixel 2SB multibeam receiver
should be able to map the CO(3–2) emission line at 345.8 GHz
approximately 7 times faster than the wSMA single-beam
receiver.

IV. PRELIMINARY DESIGN OF THE MULTIBEAM RECEIVER

The preliminary design of the multibeam receiver is shown
in Figs. 3 and 4. The construction is similar to the array
proposed for the Greenland Telescope [14], except that this
new design has been expanded from DSB receivers to 2SB
receivers. The design uses a combination of split-block waveg-
uides (with the split in the E-plane of the waveguide) and
stacked waveguide plates (where the direction of propagation
is normal to the split plane). The design shown in Figs. 3 and 4
only has 3 pixels, but we plan to expand this array to 7 pixels
in the near future, with the pixels arranged in a hexagonal
pattern.

The RF (astronomical) signals enter the array block through
the feed horns shown at the top of Fig. 4. RF quadrature hy-
brids then divide each RF signal into two separate waveguides
with a 90◦ relative phase shift, which is necessary for sideband
separation4. The LO signal enters from the side of the mixer
block (Fig. 5). It is evenly divided into six waveguides using
cascaded E-plane power splitters (0◦ relative phase shift),
and then each LO waveguide is diverted 90◦ using H-plane
waveguide bends to be parallel to the RF waveguides. Note
that there are two LO waveguides per pixel. The RF and LO
signals are then diplexed using silicon-mounted cross-guide
couplers [15], and each RF+LO signal is coupled to an SIS

3Note that the wSMA single-beam receivers are dual-polarization. Assum-
ing that polarization data is not important, NwSMA = 2.

4Alternatively, it is possible to divide the RF signals using in-phase power
splitters and divide the LO signals using 90◦ RF hybrids. This can allow for
wider RF bandwidth, but in-phase power splitters generally suffer from poor
isolation and poor return loss, which in turn degrades Rsb and Tsys.

Feed horns

Circular-to-rectangular
waveguide transition

LO distribution layers

RF hybrids + 
LO couplers

Full-height to half-height
waveguide transitions

SIS devices

Mixer block

Fig. 3. Exploded view of the preliminary 3-pixel 2SB multibeam receiver.
Most of the waveguide components are made from stacked waveguide plates,
where the direction of propagation is normal to the split plane. The RF hybrids
and LO direction couplers are made from a single split-block waveguide,
where the split is in the E-plane of the waveguide.

RF input 
waveguide

RF hybrid
LO couplers

RF + LO 
waveguides

LO absorbers

LO input 
waveguides

Fig. 4. Cross-section of the 3-pixel 2SB multibeam receiver. Each RF signal
first passes through an RF hybrid, which divides the RF signal in two with
a 90◦ relative phase difference. The LO signals are diplexed with the RF
signals using silicon-mounted cross-guide couplers (the same coupler that is
used by the wSMA’s single-beam receivers [15]).

mixer device. Finally, the two down-converted IF signals from
each pixel are combined using another 90◦ hybrid to recover
the upper and lower sidebands (not shown). It is also possible
implement this step in the digital backend of the telescope.

This multibeam receiver will be designed to cover the
atmospheric window centered at ∼345 GHz (seen in Figs. 1
and 2). Since most of the important molecular emission lines
are situated between 329 GHz and 355 GHz, the multibeam
receiver can get away with a narrower RF bandwidth than
the wSMA’s high-band receiver, without compromising on the
utility of the receiver. For example, the CO(3–2), 13CO(3–2)
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RF waveguide

LO input
waveguide

Waveguide 
splitters

LO load
LO waveguides

Fig. 5. Cross-section of the local-oscillator (LO) distribution layer. The LO
signal enters from the bottom of this figure and then it is divided in six
using cascaded E-plane power dividers. The LO waveguides are then diverted
downwards using H-plane waveguide bends to be in parallel with the RF
waveguides. There are two LO waveguides per RF waveguides. Note that the
LO power dividers require excellent isolation to minimize cross-talk between
the RF waveguides.

and C18O(3–2) transitions occur at 345.8 GHz, 330.6 GHz
and 329.3 GHz, respectively. Furthermore, since the target
objects have to have relatively large angular diameters for the
array to be beneficial, the array will only be used on low-
redshift objects (z ∼ 0), meaning that we do not need to
consider redshifted emission lines. Therefore, we can optimize
the performance of the array from ∼329–356 GHz to achieve
the best possible noise temperature.

To achieve a high Rsb value, the array block will require
careful fabrication, especially for the RF hybrids and the
LO power dividers. Any machining errors could result in
amplitude and phase imbalances that will lower the Rsb value
and thereby cause a higher noise temperature.

Finally, note that these are preliminary drawings, meaning
that many important features are missing from the CAD
drawings in Figs. 3–5, e.g., coaxial cables, magnetic coils, etc.
We are also considering several design modifications including
using silicon-mounted RF hybrids to facilitate fabrication,
using permanent magnets to suppress the Josephson currents
and reduce the number of DC wires, and using integrated SiGe
low noise amplifiers (LNAs) to minimize the heat load of the
array.

V. CONCLUSION

We have presented the preliminary design of a multibeam
receiver for the SMA. Once the wSMA upgrade is complete,
this receiver could be mounted in the guest cryostat inside
the wSMA receiver cabin. The proposed 7-pixel sideband
separating receiver has the potential to increase the mapping
speed of the wSMA by a factor of ∼7. This would allow
for large-scale surveys with the wSMA of molecular emission
lines in the Milky Way and nearby galaxies.
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NOTES: 

  

We are developing a fast terahertz photon detector. Fast 
photon detector may be one of the key technologies for 
future terahertz instruments, which may resolve each 
photons to realize high sensitivity. In addition, fast photon 
detectors may be used to study the photon statistics, which 
may act as a precise measure to determine the physical 
properties of the radiation. 

Among various technologies to detect terahertz radiation, 
SIS junction (or STJ) is a good candidate as a device to 
realize a fast photon detector, which should be as fast as 
1 GHz. We have developed an SIS junction of 
Nb/Al/AlOx/Al/Nb which exhibits a leakage current as low 
as 1 pA at a cryogenic temperature of T <0.7 K [1]. The 
junction was 3 µm x 3 µm in size, with critical current 
density of Jc=300 A/cm2. The junction is developed using 
the CRAVITY facility at AIST [2]. The junction has been 
integrated into an antenna coupled SIS detector. The design 
of the detector is discussed in [1]: A twin-slot antenna 
connects to the SIS through a coplanar waveguide. The SIS 
forms a parallel connected twin junction (PCTJ) [3], which 
is tuned to our target frequency of 500 GHz. The low critical 
current density will result in a relatively narrow RF 
bandwidth (4 GHz for our case). The current detector is 
aimed for laboratory experiments where the background 
radiation dominates, therefore the narrow bandwidth is 
preferred. 

Recently, we evaluated the performance of the detector. 
The leakage current was measured at bias voltage of 600 µV 
to confirm the low leakage feature of 1-2 pA. The optical 
performance was also evaluated: The SIS detector was 
irradiated with a blackbody source to evaluate the 
photocurrent.  The measurement was done at cryogenic 
temperature of 0.4 K, with the SIS detector mounted on a 
silicon hyper-hemispherical lens. The spectral response was 
investigated with a Fourier Transform Spectrometer. The 
results clearly show that the detector is sensitive to terahertz 
photons, however the performances were slightly shifted 
from the designed values. The optical efficiency was derived 
to be low, which may have caused by the degraded spectral 
performance, or transmission properties due to the detector 
design. 
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2 Department of Astronomical Science, The Graduate University for 

Advanced Studies, SOKENDAI, Tokyo 181-8588, Japan. 
3 National Institute of Advanced Industrial Science and Technology, 
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Based on the results, we are now in the course to revise the 
detector design: The detector fabrication parameters are 
investigated to realize a better spectral performance. The 
geometrical design of the detector is studied to improve the 
transmission efficiency from the antenna to the detector, and 
to realize a stable fast readout. The performances of the 
detectors with the revised design are being studied, which 
includes the optical response of the detectors with improved 
fabrication parameters. The design and performance of the 
SIS photon detectors, and their improvement studies will be 
discussed in the presentation. 
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Lingzhen Zeng1, C. Edward Tong1, and Paul K. Grimes1 

Abstract—We report on the development of the next generation of 
wideband Submillimeter Array (wSMA) low band and high band 
frontend waveguide components: from the design, fabrication, to 
the measurement of the prototypes. We also report on the ongoing 
effort of the integration of these frontend components into a 
receiver cartridge.        
 

Index Terms—Directional couplers, frontend, orthomode 
transducers, waveguide twists 
 

I. INTRODUCTION 

THE Submillimeter Array (SMA) is an eight antenna 
interferometer array on the summit of Mauna Kea, Hawaii. The 
array is undergoing a major upgrade to become the wideband 
Submillimeter Array (wSMA). The wSMA upgrade will 
include a new cryostat with two receiver cartridges for each 
antenna: the low band receiver will be operated by a local 
oscillator (LO) tunable between 210 GHz and 270 GHz; while 
the LO for the high band receiver will be tunable between 280 
GHz to 360 GHz. Each receiver will offer a wideband 
intermediate frequency (IF) of 4 GHz to 20 GHz [1].  

 
Fig. 1 Schematic diagram of wSMA frontends 

 
As shown in figure 1, the frontend of each wSMA receiver 

consists of a number of waveguide components, including a 
profiled-corrugated feedhorn, a Bøifot type orthomode 
transducer (OMT), two silicon-chip-based LO couplers and a 
rectilinear waveguide twist. The LO couplers couple the LO 
signal in to the sky signal coming from the OMT outputs. The 
waveguide twist rotates the E-plane of the LO2 port for compact 
integration. The OMT, couplers and waveguide twist are 
integrated into a single block. The LO signal is injected from 
the bottom of the block through standard UG-387 waveguide 
flanges. Two mixer blocks, each equipped with a readout box, 
are mounted to the sides of the frontend assembly through 
custom design waveguide flanges. The IF readout circuits are 
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integrated in the readout boxes. Because of the wideband 
specifications of the wSMA receivers, we have designed all 
these waveguide components to operate over a 40% fractional 
bandwidth.  

II. ORTHOMODE TRANSDUCER 
An OMT is a passive device that separates an input signal 

into two orthogonal linearly polarized components. The double-
ridge Bøifot type OMT design [2], [3] has been well studied for 
operating at millimeter and submillimeter wavebands.  The 
wSMA OMT follows a similar design to that shown in [3].  The 
OMT junction, geometry of the side waveguides, the combiner, 
and the transformer design for the vertical waveguide were 
further optimized.  

The HFSS model and photos of our WR4.3 OMT prototypes 
are shown in figure 2. The design is more compact than the 
previous designs in [2] and [3]. Our prototypes consist of four 
machined parts. To avoid the need to fabricate a deep hole for 
the vertical polarization port waveguide (P2), we replaced a 
long section of P2 by a straight split-block waveguide. 

 
Fig. 2 CAD model and photos of our WR4.3 OMT prototype 

 
We measured our OMT prototypes using a back-to-back 

configuration. We mated the input square waveguide ports of 
two OMTs and measured the S-parameters through the ports P1 
and P2. This configuration gave us the worst-case scenario 
performance of the prototypes. Referring to figure 3, excellent 
performance over a full waveguide bandwidth was obtained. 
The total insertion loss of the two back-to-back OMTs is better 
than 1 dB across most of the band. Given the insertion 
waveguide length of each OMT is 30 mm, the intrinsic insertion 
loss of the OMT is very low. The measured polarization 
isolation is around 50 dB and the return losses of the rectangular 
waveguide ports are around -20 dB for both polarizations.  

 
Fig. 3 Measured insertion loss, isolation and return loss from a back-to-

back configuration of our WR4.3 OMT prototypes 
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III. LO WAVEGUIDE COUPLER 
Chip-based directional couplers using three sets of probes 

connected by suspended striplines (bow-tie antennas) were 
proposed in [4], [5]. The original designs used three bow-tie 
antennas fabricated on individual quartz substrates. However, 
given the small chip sizes needed for operation at these 
wavelengths, it is difficult to install and align each individual in 
place, and this led to significant differences between the 
measurement and simulation data [5].  

 
Fig. 4 schematic of waveguide chip coupler 

 
Figure 4 shows the wSMA chip coupler design. Three bow-

tie antennas were integrated on a single silicon chip, with two 
open slots in the center.  This design allows easy and reliable 
chip installation. Our coupler prototype for WR4.0 band is 
shown in figure 5. Our measurement results agree very well 
with the simulations. As shown in figure 6, we achieved a flat 
coupling curved across a wide operation bandwidth. A paper 
showing the details of this coupler design is submitted to IEEE 
Transactions on Terahertz Science and Technology [6]. 

 
Fig. 5 Prototype of WR4.0 waveguide chip coupler 

 
Fig. 6 measurement results of WR4.0 chip coupler 

IV. WAVEGUIDE TWIST 
The function of a waveguide twist is to rotate the polarization 

plane of the electromagnetic wave propagating inside a 
waveguide system by a specified angle. In the wSMA frontend 
design, the waveguide twist rotates the orientation of one of the 
LO ports, allowing proper waveguide bending from the bottom 
of the receiver cartridge. 

 
Fig. 7 CAD model of wSMA waveguide twist design 

 
Our waveguide twist is a novel rectilinear design [7], which 

covers a full waveguide bandwidth. As shown in figure 7, the 
design achieves compactness and ease of fabrication by 
utilizing a series of quarter-wave transformer steps machined in 
split blocks. Figure 8 shows the prototypes of our WR3.4 
waveguide twist. The top and bottom blocks are designed to be 
identical to reduce the fabrication costs. The measured S-
parameters are shown in figure 9. The return losses are better 
than -25 dB and the insertion loss is about 0.6 dB across the 
entire waveguide band. This data includes a 12-mm long 
waveguide section from either side of the waveguide ports, 
leading to the actual twist itself. As a result, we believe that the 
actual performance of the twist should be even better. 

 
Fig. 8 Prototypes of wSMA waveguide twist 

 
Fig. 9 Measurement results of wSMA waveguide twist 

V. FRONTEND INTEGRATION 
Using the components described in the above sections, we 

have designed an integrated frontend assembly, and Figure 10 
gives the CAD model. It consists of an OMT, two couplers and 
one waveguide twist. The RF signal enters from the square 
input waveguide port. The LO signals are injected from the 
bottom of the assembly through standard UG-387 waveguide 
flanges. 

  
Fig. 10 CAD model of wSMA frontend assembly 
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As shown in figure 11, the frontend assembly will be 
integrated with a feedhorn and mixer blocks. The feedhorn is 
mounted on the top and the two mixer blocks and their 
associated readout boxes are mounted to the sides of the 
assembly through custom-designed waveguide flanges. 

 
Fig. 11 CAD model of wSMA frontend assembly with feedhorn, mixer blocks 

and readout box 
 

VI. CONCLUSION 

A number of waveguide components have been developed for 
the wSMA frontend. The measurement results of the prototypes 
agree well with simulations and meet the requirements of the 
project. Further work frontend integration and system 
performance tests will follow.  
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Measurements and Simulations of a 20 GHz Metamaterial Lens

Cassandra Whitton1, Christopher Groppi2, Philip Mauskopf3, Jose Siles4, and Adrian Tang5

Abstract— In this paper, we present measurements of a
prototype metamaterial flat lens. Flat lenses with short focal
lengths are interesting due to their potential use in remote
sensing for both space-based cubesat applications and larger
form factors. Our metamaterial flat lens was manufactured by
using 11 layers of RO3003 circuit board laminate with etched
sub-wavelength-sized copper patterning. The copper patterning
is designed in such a way as to maximize the transmittance
of the lens while applying the correct phase shift across the
lens plane to give the lens gaussian focal properties. The lens
was measured by scanning a receiver horn through one axis
of the image plane of a transmitting horn. This measurement
demonstrated that the waist of the focused gaussian beam is
30% wider than ideal. It is suspected that this non-ideality is
caused by phase error in the design process. We have created
an electromagnetic simulation based on Fourier optics which
will soon be able to characterize such non-idealities. Further
measurements will be useful to fully characterize the lens’s focal
properties and determine how much loss it incurs.

I. INTRODUCTION

CubeSats are an attractive prospective for those wishing
to perform terahertz observations in space, due to the high
atmospheric attenuation at these frequencies which makes
ground-based observing difficult or impossible [7], and due
to the prohibitively high costs of larger satellites. However,
CubeSat missions come with their own set of design chal-
lenges, which particularly includes the requirements for low
weight and small form factor [3]. As a partial solution to this,
using metamaterial lenses as primary observing apertures in
such systems can help ameliorate some of these challenges.

Metamaterials, which often involve the structured embed-
ding of metal elements within dielectric substrates, and meta-
material lenses in particular, have recently seen much ad-
vancement and development into the millimeter wavelength
regime [4], [5]. The lenses which have been created so far are
both thin and lightweight compared to a conventional lens of
equivalent f -number, freeing up weight budget and making
it easier to place and stow the lens, if a deployable design
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is necessary or desirable. Furthermore, the design techniques
introduced by Ref. [5] ensure that no anti-reflection coating
is necessary to minimize reflection losses. Such lenses have
been found to theoretically have less than half a dB of loss,
which is significantly better than that of a Fresnel zone plate
lens, which, while flat and light, can exhibit on the order of
3 to 4dB or more of loss [6].

Here we have created and tested a metamaterial flat lens
which operates at 20 GHz. The lens we present here is
intended to act as a low-frequency prototype to test our
design procedure. We are also developing a complementary
electromagnetic simulation to refine our design process and
to more accurately determine the optical properties of our
lenses before fabrication. A successful design procedure
should allow us to experiment with more expensive high-
frequency designs, operating at 600 GHz or even above 1
THz.

II. LENS DESIGN

The lens is designed to operate at 20GHz by transforming
a plane wave (with a flat phase-front) to the phase of
a converging gaussian beam. This phase transformation is
approximated by Refs. [5] and [2] as

φ(r) = −πr
2

λR
(1)

where λ is the operational wavelength, r is the distance
on the lens plane from the lens center, R is the radius of
curvature of the phase front, given by

R(f) = f +

(
πw2

0

λ

)2

f
(2)

and w0 is the waist of the focused beam at the focal plane.
The focal length of the lens is given by f .

In the case of our lens, the diameter of the active area is
254 mm, and the focal length is 105 mm, making our lens
an f/0.41 lens. These design parameters result in the phase
transformation shown in the top plot of Fig. 1.

Given this phase transformation, we grid the surface of the
lens vertically and horizontally into pixels, each of square
dimensions λ/10, or 1.50 mm. Each of these pixels is
assigned a single phase transformation value based on the
above equations. In our case, each pixel has 10 metal layers,
with 10 copper squares of metal, stacked on top of each
other and separated by 11 surrounding dielectric layers. The
dimensions of each square may be picked freely. Then, using
techniques as described in Ref. [5], each pixel is optimized
to give the desired phase transformation and maximum
transmittance. These optimizations work by automatically



Fig. 1. The designed lens phase transformation (above) is compared with
one layer of the manufactured lens (below). The layer’s pattern is made up
of thousands of copper squares.

tweaking the dimensions of each metal square until the
desired conditions for that pixel are met. Because each
pixel is treated independently from each other pixel, this
is relatively computationally simple, as it only requires the
optimization of around 5 free parameters (one for each layer
of the lens, divided by 2 due to symmetry across its center)
per pixel.

The lens was manufactured on RO3003 circuit board
laminate with 760 mm thickness, with 1 ounce copper
cladding. Due to manufacturing tolerances, the metal squares
were constrained to be no smaller than 200 um in dimension,
with at least 200 um between adjacent squares. A single
layer of the manufactured lens is shown in the bottom half
of Fig. 1. The layers were then stacked together, as shown
in Fig. 2, using alignment holes that were drilled into the
laminate layers during manufacturing. The completed lens is
roughly 0.59 cm thick.

Though not directly relevant to this experiment, the lens is
designed in such a way that it may be scaled from 20 GHz
to 600 GHz. In doing so, the layer thicknesses and metal
square sizes would be reduced by a factor of 30. Though this
places much stricter tolerances on the manufacturing process,

Fig. 2. Multiple layers of the lens are stacked together, aligned with guide-
pins, and held together through boltholes at the corners. While this figure
demonstrates only 4 layers, our lens has 11.

we have confirmed that the ASU Flexible Display Center is
capable of manufacturing

III. EXPERIMENTAL SETUP

In order to test that the lens operates correctly, we per-
formed a simple image-plane measurement. The physical
setup for the experiment is shown in Fig. 3. To accomplish
this, the transmitter (Tx) and receiver (Rx) were each placed
2 focal lengths away from the lens. We do this because
placing the Tx 2f away from the lens causes its image to be
2f from the lens on the other side, as shown by the well-
known lens equation:

1

f
=

1

do
+

1

di
(3)

Here, do is the distance of the object from the lens and di
is the distance of the image from the lens. Thus, the receiver
directly measures the image of the transmitter. In addition,
the resultant absolute magnification of the image is 1.

The transmitter and receiver each consist of a K-band
pyramidal horn antenna with nominal 14 dBi gain coupled
to a WR-42 waveguide. The transmitter is fed by a signal
generator emitting a 20 GHz tone at -20 dBm. The receiver
was connected to a power meter. The power meter only
nominally operates up to 18 GHz; however, we tested that the
power meter responded linearly to power input at 20 GHz.
Therefore, while the absolute measurements of the power
meter were likely incorrect, we are confident in the relative
power measurements that it provided.

Once the transmitter’s position was set, the receiver was
scanned manually through the image plane until the point
of maximum power reception was found. This was used
as the zero-point for the measurement. The receiver was
then manually moved up and down through the image plane
in increments of a couple of millimeters. At each stopping
point, the height of the receiver relative to its zero-point was
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Fig. 3. A diagram of the test setup is display, with the realized setup
displayed below it. The receiver and transmitter are both placed two focal
lengths from the lens, such that the receiver sees an un-magnified image of
the transmitter.

recorded, along with the power measurement from the power
meter.

IV. ELECTROMAGNETIC SIMULATION

In order to further verify the accuracy of our lens design
process, we have implemented an electromagnetic simulation
which can propagate simulated beams. The simulation uses
Fourier optics, implemented as described in Ref. [1].

We have demonstrated the ability of our simulation to
handle lens beam transformations. In Fig. 4, we have plotted
a simulation of the test setup described in the previous
section. As we expected, we can see the beam diverge from
the transmitter horn before being refocused to the receiver
by the lens in the center.

We have not yet simulated the beam waist that we mea-
sured in our experiment and plotted in Fig. 5. However, in
the future, this will serve as an important check that our
design process works the way we think it does. It will also
allow us to test the optical properties of our designs before
we manufacture them.

V. RESULTS

Plotted with red circles in Fig. 5 is the result of the image
plane measurement as described above. The magenta line is
the best gaussian beam fit to the measurement.

Plotted in blue is what we would expect to measure if
the lens were acting as an ideal lens. This was calculated

Fig. 4. Here is an electromagnetic simulation of our experimental test setup,
plotted in magnitude and phase. On the left, the transmitter is emitting a
roughly gaussian beam. On the right, the lens focuses the beam inward
toward the receiver.

using the properties of the horn antennas, which we believe
have beam waists of 8.4 mm at 20 GHz. By convolving
the gaussian beam shapes of the two horns together, as
described in Ref. [2], we expect the measured image to have
an effective gaussian waist of approximately 11.9 mm.

The effective beam waist of the gaussian beam fit was 15.4
mm, which was about 30% wider than ideal. This indicates
that the lens focuses properly, but does not focus as ideally
as we expected it to. Future work will investigate the reasons
for this non-ideal behaviour.

VI. CONCLUSION

We have successfully demonstrated the focusing abilities
of our 20 GHz metamaterial flat lens. However, the gaussian
beam focus is 30% wider than ideal.

Further testing would be necessary to determine whether
this is due to manufacturer tolerance error, phase error in
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Fig. 5. Here is the plotted measurement of the image-plane scan compared
to the expected beam measurement for an ideally focusing lens. The
measured beam-width is about 30% wider than ideal.

the initial design, or an inaccurate estimate of the beam
waists of the transmitter and receiver horns which were used.
The simulation of the designed lens, which we are currently
implementing, with its phase error included, could reveal
whether or not the phase error was the cause. We also believe
that a full near-field measurement of the lens would help to
quantify the lens’s performance in more meaningful ways.

In any case, we have demonstrated that our design process
works well enough to accomplish an acceptable focus with
our lens. We have also performed preliminary tests to demon-
strate that our electromagnetic lens simulation is working
as intended, which will help significantly in designing and
testing future lenses. Using these results as a foundation,
we will in future work scale the lens to higher frequencies.
Doing so would allow their eventual application in CubeSat-
based terahertz observations.
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NOTES: 

  

Photon counting detectors for terahertz frequencies will 

open a new frontier in terahertz astronomy by measuring 

photon statistics and applying to intensity interferometry. To 

count large number of terahertz photons, we work on SIS (or 

STJ) photon detectors. In this presentation we present fast 

readout cryogenic electronics with GHz bandwidth made of 

semiconductor circuits for the SIS photon detectors. 

Single terahertz photon creates single quasi-particle 

current through SIS junction by photon assisted tunneling. 

We have achieved the SIS leakage current of the order of pA, 

whose photovoltaic signal can be readout by cryogenic FETs 

with low gate leakage and capacitance. We selected two 

types of Gallium Arsenide FETs with p-n junction gates 

(GaAs-JFET and Junction pHEMT) for this purpose.  

We have evaluated both types of FETs with various gate 

sizes at cryogenic temperature at 4 K, most of which show 

good I-V characteristics without serious anomalies such as 

kink or hysteresis. Transconductances of these FETs are 

similar or improved at cryogenic temperatures compared to 

the ones at 300 K. The gate leakage of GaAs-JFET have been 

measured as a function of operational temperature, which 

shows the gate leakage are lower than 100 fA at temperature 

less than 100 K.  The gate leakage of Junction pHEMT 

(JPHEMT) shows similar trend except that the gate leakage 

shows large excess current at drain voltages larger than 2 V, 

and we must limit drain voltage less than 1.5 V.  

Figure 1 shows an example of I-V characteristics of two 

types of FETs measured at 4.2 K. Compared to GaAs-JFET, 

JPHEMT apparently shows better performance with larger 

transconductance and drain resistance which are appropriate 

for our purpose.  Slight anomalies are observed at larger 

drain voltage for JPHEMT, which corresponds to the 

anomalous gate leakage described above.  

We plan to use two-stage source followers, one at 0.8 K 

and another at 4 K, to decrease output impedance down to 50 

Ohm to feed to SiGe low noise amplifiers. The power 

dissipation is limited to 100 W at 0.8 K, and the first stage 

source follower decreased the output impedance to an order 

of k followed by the second source follower to achieve 

lower output impedance. 
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Fig. 1.  I-V characteristics of GaAs-JFET and Junction 

pHEMT.  

 

For detection of single terahertz photon, low gate 

capacitance less than 10 fF is required to obtain signal above 

the FETs' voltage noise. The evaluation of the gate 

capacitance is also underway.  

The detector design themselves must be optimized for the 

low capacitance readout electronics. Since previous design 

uses a relatively large choke filter and bonding pads. 

Capacitance of all these structures should be optimized, 

which is under study and will be discussed in the 

presentation. 
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NOTES: 

  

Terahertz multiplier-based local-oscillator chains offer 

the highest spectral purity but, because of low efficiencies 

of the multipliers, require large DC powers to support the  

millimeter-wave  amplifiers that drive them.  In addition, 

the engineering challenge of aligning multiple stages of 

narrow-band varactor multipliers makes high-power broad-

bandwidth sources difficult. Moving the power-amplifier to 
a higher frequency in the chain can alleviate these issues. 

Utilizing Teledyne’s InP HBT MMICs process we have 

developed a high-power amplifier module operating from 

115-130GHz [1].  This device produces over 180mW with 

only 1mW input power and consumes 3.5W of DC power.  

In conjunction with low-power, broad-band multipliers, this 

amplifier can replace the first stages of high-power varactor 

multipliers.  This amplifier-based system would consume a 

quarter of the DC power while still providing 19% 

bandwidth.  In addition to this 115-140 GHz device, other 

amplifier modules are being developed at 155-180 GHz and 
180-210GHz which will be presented at the conference.   

For higher-power applications, power-combined modules 

are also under development.  These use a hybrid-coupler 

corporate combiner architecture to combine four MMICs 

into a single package.  Measurements of a 4-way power 

combined 130GHz amplifier will be shown at the 

conference. 
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Fig. 1.  Measured data from the packaged 115-140 GHz InP 

HBT MMIC. DC power consumption is 3.5W. 

 



NOTES: 

 

Abstract—We report status and current results of the 

preliminary reliability study on 300 GHz InP 

heterostructure barrier varactor diode multipliers and 

1200 GHz GaAs Schottky diode mixers. Both types of 

diodes are monolithically integrated with circuits and 

were processed on 3” InP and GaAs wafers respectively 

using established III-V processing. We will present 

results on thermal step-stress tests up to 300oC, 

indicating the operational temperature limitations of the 

devices. Also, the analysis of the accelerated lifetime 

testing (1000h) will be discussed. 

 

INTRODUCTION 

 

There is a need for efficient and reliable THz sources and 

heterodyne receivers operating in the sub-millimetre wave 

band above 300 GHz for future space science missions and 

earth observation instruments. The sub-millimetre wave 

regime allows the study of different meteorological 

phenomena such as water vapor, ice and water content in 

clouds, and ice particle sizes and distribution, which are 

important parameters for the hydrological cycle of the 

climate system and the energy budget of the atmosphere or 

even explore outer space. Several space bound exploratory 

missions have carried instrumentation operating in this 

frequency range.  Besides of high level of integration 

required for operation at THz range, the components 

utilized for space instruments, must be highly reliable, i.e. 

perform as expected throughout its planned lifetime. It is 

therefore important to conduct reliability tests on 

device/component level to ensure projected performance in 

future missions. This work describes the preliminary 

reliability testing of 300 GHz heterostructure barrier 

varactor diode frequency multipliers [1] and 1200 GHz 

Schottky diode mixers [2] fabricated on 3” wafers. 

The reliability tests start out with step-stress tests of 

temperature, dc bias and RF. These tests will give us the 

limits Tmax, Vmax and RFin which will be used as boundary 
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conditions for the followed accelerated lifetime tests. Fig 1 

shows the progression of the current-voltage relationship of 

a heterostructure barrier varactor during a temperature step-

stress test ranging from 120 oC to 300 oC. 

The overall aim of these tests is to fully understand the 

limitations of our devices so that we can improve, through 

augmented fabrication, as well as better predict their 

behavior to prove their reliability as state-of-the-art, THz 

workhorse devices. 

 

 
  
 Fig. 1.  24h temperature step-stress test result (120-300 oC) on 

heterostructure barrier varactor diodes chips fabricated at MC2, 

Chalmers. 
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NOTES: 

 

Superconducting transition-edge sensors (TES) can detect 
the electromagnetic radiations in a wide range from 
millimeter, optical to γ-ray. The critical temperature (Tc) of 
superconducting films is very important since it determines 
the key parameters of TESs, including noise equivalent 
power (NEP), energy resolution, response time. Ti film is a 
good candidate, and its Tc can be tuned by changing the 
thickness, bilayer or baking.  

 In fact, Ti thin films have been widely used in many 
applications, such as terahertz bolometers and optical photon 
detectors[1]. We have developed a 8×8 TES array with a 
NEP of 5×10-17 W/√Hz, and optical single photon detectors 
based on Ti TESs with a detection efficiency of 40%. Here 
we further tune the Tc of Ti thin films with magnetic field 
and baking in air atmosphere.  

We fabricated pure Ti or Ti/Au films with different 
thicknesses on silicon substrate by electron beam 
evaporation [2]. Resistance measurement was carried out  in 
a commercial physical property measurement system 
(PPMS) equipped with an adiabatic demagnetization 
refrigerator (ADR), and the base temperature is about 100 
mK. We obtained a Tc of 331 mK for a 36.8 nm thick Ti film 
and it is reduced to 215 mK for a 29.5 nm one. That means 
it's possible to tune the Tc of Ti film by changing its 
thickness. However it's hard to decrease the Tc further since 
the superconductivity disappears while reducing its 
thickness below 25 nm. The transmission electron 
microscopy (TEM) showed that titanium films grown in our 
condition were multi-crystalline, confirmed by x-ray 
diffraction spectrum. We also measured the chemical 
composition with a ESD and found that there was 2~3% 
oxygen atoms throughout the whole thickness, and the 
oxygen composition was increased to 9% for such titanium 
films without superconductivity.  

We then studied the effect of magnetic field on Tc of Ti 
films (see Fig.1). With the increase of magnetic field from 
zero to 600 Gauss, Tc was decreased from 331mK to 210 mK 
for 36.8-nm Ti film. The transition width nearly keeps 
constant, that means the temperature sensitivity 
(α=T/R×dR/dT) has no change within the range of measured 
magnetic field. 
 

1Purple Mountain Observatory, CAS, China.  
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3University of Science and Technology of China, China. 

Finally, we tried to tune Tc by baking Ti films at 100oC for 
time between 5 and 30 hours in air atmosphere. The change 
in Tc (ΔTc) was measured by finding a Tc for each sample, 
baking the sample and measuring its Tc again. For a 31.4 nm 
Ti film fabricated on 1550nm dielectric mirror, Tc was 
decreased from 304 mK to 235 mK when baking it for 10 
hours (ΔTc of 23%). In comparison, for 48/5nm Ti/Au 
bilayer Tc was decreased from 340 mK to 291 mK when 
baking it for 30 hours, about 14% change in Tc. The results 
indicate that it's possible to tune the Tc of both pure Ti and 
Ti/Au bilayer films, although 5nm Au film is a good 
protection layer for its underneath Ti film. We are going to 
tune the Tc of Ti TES and will present it in detail.   
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Fig. 1. Resistive transition of 36.8nm thick titanium film with 
different magnetic fields. 



A 200 GHz cloud radar multiplexing antenna 
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Wang & Richard Wylde 

A team consisting of the STFC Rutherford Appleton Laboratory (RAL), Thomas Keating 

and St Andrews and Leicester universities are building and demonstrating a 200 GHz, 1.5 

mm wavelength, cloud profiling radar, establishing the basis for the future operation of a 

similar Earth observing radar in space. The pulsed Doppler radar is called GRaCE: G-band 

Radar for Cloud Evaluation, and is grant funded by the UK Space Agency through the UK 

Centre for Earth Observation Instrumentation [1]. 

The small wavelength of a 200 GHz space radar will provide enhanced global information 

on the distribution of small droplets in the atmosphere. When operated in tandem with 

existing lower frequency space radars, the dual wavelength observations will enable 

atmospheric scientists to better characterize the microphysical properties of hydrometeors 

in water and ice clouds. Such information is needed to improve the accuracy of societally 

important numerical weather prediction models 

A model of the GRaCE hardware is set out below in Figure 1.  

 

Figure1: The GRaCE hardware indicating the major elements.  

The radar is designed to have the following parameters: 

Transmitter 

Receiver 

Subreflector 

Primary 

reflector 

QO multiplexer 



Parameter 
Ground 

Radar 

Space 

Radar 
Comment: Ground/Space 

Transmit frequency 200 GHz 
160 – 260 

GHz 

G: Fixed, but can be set at design stage 

S: Fixed by EIK within ± 1 GHz 

Transmit power > 100 mW 100 W G: Single high power Schottky multiplier  

Transmitter 

Technology 
Schottky  EIK 

G, S: High power Schottky frequency multiplier 

S: Extra EIK linear amplifier required 

Transmit polarisation 
Circular Circular 

From high performance quasi-optical Tx/Rx 

diplexing Receive polarisation 

Main antenna 

diameter 
1 m ≥2 m 

G: Set by project budget 

S: Set by satellite payload and budget 

Beam divergence ≈ 0.1o ≈ 0.05o G, S: Set by main antenna diameter 

Antenna Gain 64 dBi 70 dBi G, S: Set by main antenna diameter 

Antenna sidelobe 

level 
<40 dB <50 dB 

S: Very low sidelobes required to suppress ground 

reflections off-axis 

Range resolution 50 to 500 m 500 m 
G: Selectable in software, trade off with sensitivity 

S: Similar to CloudSat & EarthCARE 

Pulse length / coding 20 ns to 1 µs 3.3 µs Determines range resolution 

Maximum 

instrument range 
12 km 500 km 

G: Few clouds above 11 km at UK latitudes 

S:  Satellite altitude ~400 km, atmosphere top @ 

380 km 

Receiver Noise 

Figure 
6 dB 6 dB Set by receive mixer and optics / radome losses 

Receiver Technology Schottky Schottky 
G, S: Sub-harmonically pumped Schottky diode 

mixer, potentially with LNA 

Sensitivity -26 dBZ -20 dBZ 
G: At 1 km range, single 400 ns pulse  

S: At 400 km range, single shot 

 

This paper covers the development of the 200 GHz multiplexing antenna for GRaCE. 

Unusually, the multiplexer does not rely upon gyrotropic materials (ferrites) as would 

typically be used for linear polarisation. Instead it follows an approach used in the JAXA 

94 GHz radar in the ESA/JAXA EarthCARE mission [2], involving transmission and 

reflection of circularly polarised beams. In that case, one of two corrugated horns attached 

to the sources transmits a beam to a mechanically switchable mirror (coloured brown in 

left hand part of Figure 2) and is reflected to a refocusing mirror (coloured purple) 

following which it passes through an analysing polarizing grid (coloured gold).  



 

Figure 2: Design and realisation of the 94 GHz quasi-optical multiplexer produced by TK for the Cloud 

Profiling Radar on EarthCARE 

The beam then passes to an Inatani-type Martin-Puplett Diplexer [3] which acts as the 

circular polarizer (coloured blue-green).  The radiation then passes to the sub reflector 

(coloured green) and up to the main reflector, not shown, for transmission. 

The returning beam, reflected by hydrometeors, follows a reversed path, being diverted 

sideways at the analysing grid (coloured gold), and a refocusing mirror (coloured blue). A 

second switchable mirror directs the beam to one of two corrugated horns feeding the low 

noise amplifier receivers. The switching mirrors provide transmit and receive redundancy 

in the space mission: they are not required for GRaCE.  

The scheme used for EarthCARE has been adapted to operate at 200 GHz for GRaCE. 

Mechanical design was performed in PTC CREO – Figure 3.  

 

Figure 3: Design of the GRaCE optics bench, with the 200 GHz quasi-optical multiplexer and sub-reflector. 



Figure 4 shows images of the constructed quasi-optical muliplexer, with a pair of ultra-

Gaussian feedhorns, and the system under test at RAL. 

  

Figure 4: GRaCE 200 GHz quasi-optical multiplexer close up (left) 

and under VNA test at RAL with Dr Richard Wylde of TK Ltd. (right).   

Insertion loss and isolation measurements were performed using a vector network analyser 

and frequency extender modules, Figure 4 right. At 200 GHz, the single pass insertion loss 

of the network is at the 0.6 dB level, and transmit/receive isolation at a very useful 60 dB.  

Testing of the whole instrument at STFC’s Chilbolton Observatory is to start shortly. 

[1] ceoi.ac.uk 

[2] www.esa.int/Applications/Observing_the_Earth/The_Living_Planet_Programme/Eart

h_Explorers/EarthCARE/Satellite 

[3] smiles.tksc.jaxa.jp/old/document/article1999/inatani_thz1999_fsp.pdf 



NOTES: 

 

NASA GUSTO (Galactic/Extragalactic ULDB 

Spectroscopic Terahertz Observatory), equipped with three 

8-pixel heterodyne detection channels, will perform the 

largest, single-flight mapping of three important interstellar 

lines of nitrogen [NII], carbon [CII], and oxygen [OI]. 

GUSTO will provide comprehensive understanding of the 

life-cycle of the interstellar medium in Milky Way and 

Large Magellanic Cloud (LMC). The local oscillators (LO) 

coupling to the state of the art mixers applied in GUSTO is 

quite crucial for all three channels and more challenging at 

[OI] frequency of 4.7 THz, where frequency multiplied 

sources are not available. For the latter frequency applying 

a single quantum cascade laser (QCL) beam as the LO 

multiplexed to 8 by a phase grating is shown to be the most 

practical and efficient way [1]. 

In GUSTO a 4.7 THz QCL beam will be coupled to the 

mixer array through a warm optical unit, allowing for 

spatially filtering, steering and multiplexing. There the 

QCL amplitude stabilization and spectral monitoring will 

take place too. The geometrical limits in that unit demand a 

certain combination of the input beam size and the angular 

separation of the output beams, which can only be 

addressed by a grating with an asymmetric profile. The 

design of such a grating and the influences of its tolerances 

on the overall coupling were presented in the previous 

ISSTT. Here we report the grating manufacturing and its 

experimental qualifications to give a full study of the 

instrument driven grating.  

A CNC (Computer Numerical Control) micro-milling 

machine at Arizona State University (ASU) is used to 

transform the designed surface profile onto an aluminum 

plate, where the post-machining profile measurements 

using a 3D microscope were done too. The achieved 

surfaces were evaluated at SRON/TUDelft, where a 

deviation less than 1 μm in height from the design is found.  

We characterized one of the manufactured gratings using 

an engineering GUSTO QCL (from MIT) as the input 

source, which emits a single-mode beam at 4.715 THz with 
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an output power of about 5 mW operating at 60 K. We 

focused on the angular separation, power distribution 

among the output beams, and the grating efficiency (the 

ratio between the total power of the wanted diffracted 

beams and the input). We found the angular distribution 

agreeing to the simulation within an experimental accuracy 

of ≤ 0.5°. We also found the efficiency to be 70%, and the 

non-uniformity (the difference between the maximum and 

minimum powers divided by the average power from all 8 

beams) to be 13%, both agreeing well to what is expected 

from the simulation. 

It is the first time that such a complete characterization of 

a THz phase grating is being reported. Figure 1 shows the 

output beams measured at a distance of 34 cm from the 

grating, together with the input beam, mapped on the same 

plane when the grating is replaced with a flat mirror. 

1

0

au

 
Fig. 1. The measured 8-beam pattern (left) and the incident 

beam on the same plane when the grating is replaced with a flat 

mirror (right). The color indicates the intensity. 

 

In conclusion, we designed, manufactured, measured and 

confirmed a phase grating as the 1 to 8 beam multiplexer 

for 4.7 THz channel of GUSTO.  
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NOTES: 

 

Waveguide-to-substrate transitions play a fundamental 

role in any THz system since active components are realized 

using thin film technology. The main requirements of such 

transitions are good impedance match and ease of 

fabrication.   

Due to its large fractional bandwidths, waveguide E-

probes have been widely adopted in the field [1,2]. 

Nevertheless, its performance is widely affected by its 

position inside the waveguide. Unilateral finline structures 

have been proposed [3] as an alternative solution. However, 

this approach results in problems related to impedance 

matching, which affects its performance over large 

operational bandwidths.  

We present a novel waveguide to substrate transition, for 

prospective use in broadband mixer. The high impedance of 

the full-height waveguide is matched to the slotline using a 

unilateral substrateless finline structure and a 2-section 

slotline Chebyshev transformer. 

The transition is designed of a silicon substrate covered by 

a superconducting niobium thin layer. In order to reduce the 

overall insertion loss and achieve the correct matching, the 

substrate encompass by the fins is fully removed. A gold 

layer located on top of the superconducting film provides 

grounding for the fins and aids the mounting process in the 

slit-block waveguide mount. Furthermore, the waveguide 

width is reduced in steps to reach a subcritical square cavity. 

For the sake of comparison between simulations and 

measurements, a back-to-back arrangement was designed for 

the 211-373 GHz frequency band. Simulation results for this 

structure showed a fractional bandwidth of 55% with a return 

loss better than 15 dB.  Moreover, a second design was 

developed for room temperature operation, where the 

superconducting film has been replace by gold. 

The fabricated cryogenic transitions were characterized at 

4K using a cryostat. The test setup also included a Rohde & 

Schwarz ZNA43 VNA with frequency extension modules 

operating at room temperature.  

At the Conference, simulations and measured results for 

both, cryogenic and room temperature transitions, will be 

presented. 
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Fig. 1. (a) Photograph of the fabricated back-to-back 

transition. (b) Detail of the central slotline Chebyshev 

transformer. (c) Device mounted in the split-block waveguide. 

Silicon tips facilitate the mounting process and aids the handling 

of devices.  
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NOTES: 

  

The Large Latin American Millimeter Array (LLAMA) is 

a joint scientific and technological project of Argentina and 

Brazil whose goal is to install and to operate a radio 

observatory in the Argentine Andes, at 4800m of altitude. 

LLAMA observatory is a single dish 12m parabolic antenna 

made by Vertex company, as APEX telescope. 

Currently, we are designing the holography facilities and 

devices to guarantee the functionality of the antenna. 

Holography measurements requires a narrow bandwidth and 

a strong phase uniformity to ensure the accuracy of the 

manufacture specifications in a parabolic antenna surface. 

The antenna as delivered may have the panels mis-adjusted 

such that the total error is as large as 100μm; Final 

adjustments should be done by the LLAMA team. 

The basic specification is that the final surface should be 

accurate to 20μm, computed as the RSS of various 

contributions. Using the holography recommendations from 

ALMA [1], it is also required to allow for 10μm of RMS 

error in panel setting knowledge (and 2μm of error in setting 

the panels to the desired places. 

This paper is about the design and characterization of the 

transmitter horn’s holography system. The transmitter's 

beam width is determined by the need to illuminate the 12 m 

antenna with reasonable uniformity. Variations in phase, if 

uncorrected, lead directly to errors in the reflector surface 

deviations being measured. It is expected that the horn can 

be made to produce a far-field spherical wave to the required 

tolerance within the part of the beam being used. 

Corrugated horns have traditionally been the preferred 

choice with the best performance but are expansive and 

impractical to manufacturing when the frequency is 

increased. We are using the Gibson Model [2], a split-block 

diagonal horn optimized for 104GHz [3]. The performance 

of this antenna is less than a corrugated horn, but optimizing 

the depth profile, the performance can be improved 

significantly using only a uniquely simple milling machine. 
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Fig. 1. Mechanical model of the Spline-Profile Diagonal Horn 

Antenna. 

 

In this paper we will show the model, the design, the 

measurements procedures and the results of the 

characterization. Furthermore, we will compare the results 

with the previous specifications of the horn transmitter 

and discuss it. 
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NOTES: 

w 

We describe the on-going development of several classes 
of receiver systems based on superconducting hot-electron 
bolometer mixers. We target four general platforms, listed in 
time order, from immediate to long-term: high-altitude 
balloons (ASTHROS), aircraft (e.g., SOFIA), SmallSat and 
a future flagship mission (OST). Each platform has its own 
advantages and disadvantages in terms of resources and 
capability, and these have guided our multi-pronged effort to 
develop systems that can be suited for these opportunities.  

For the near term, we are developing a receiver system 
for the ASTHROS mission. A low-power cooler capable of 
reaching 4 K operating temperature that consumes only 200 
W allows us to use NbN-based waveguide mixers of modest 
array size (~8). These mixers are pumped by an array of 
frequency-multiplier chains image to the mixer array. The 
small number of pixels is compensated by the long duration 
of the flight, which is not limited by boil-off of helium as in 
other cryogenic balloon experiments. 

An aircraft such as SOFIA can provide very generous 
power resources, and an instrument designed for it can be 
made very aggressive. We have proposed an instrument 
called SHASTA, which ultimately would have a 128 pixel 
array targeting the 1.9-2.1 THz band. As part of this effort, 
we are developing a modular NbN-based 16-pixel 
waveguide mixer arrays that could be tiled together in a 
future instrument. This system would use local oscillator 
arrays that permit horn-to-horn imaging between the mixer 
and LO arrays. To permit observations at higher frequencies 
target other spectroscopic lines, our development effort 
includes a 16-pixel 5 THz waveguide mixer array that is 
pumped by a single quantum-cascade laser source.  

A SmallSat experiment is likely to be only feasible if a 
20 K-class cooler is used. We are developing MgB2-based 
mixers, both in quasi-optical and waveguide configurations. 
Such a system can be pumped by FMCs for frequencies < 3 
THz or by QCLs > 2 THz. We are currently developing a 
brassboard utilizing a commercial 20-K class cooler. 

Finally, with a look into the future, a concept for a highly 
integrated mixer focal plane array is being developed. This  
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Pasadena, California, 91109 USA.  

 
would involve coupling low profile micro-machined silicon 
lenslet arrays fed by a planar array of balanced HEB mixers. 
The rf and lo port would be opposite sides of a flat mixer 
package, with LNAs integrated in proximity of the mixer and 
the IF signals fed out laterally. 
 We will present status on the development of all four 
systems.  
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Abstract— We present a novel and unique solution for 

approaching subwavelength-resolution terahertz (THz) photo-

induced coded-aperture imaging (PI-CAI) by utilizing 

micromachined mesa-array structures. In this approach, photo-

induced free carriers are confined inside each mesa, facilitating 

much more refined photopatterns for achieving subwavelength 

spatial resolution. Mesa-array structures with a unit cell 

dimension of 105 μm  105 μm, and a trench width of 7 μm were 

fabricated and tested. An average of ~11 dB modulation depth was 

obtained in the frequency range of 740-750 GHz under a light 

intensity of only 4 W/cm2. Initial imaging experiments have been 

performed, and the results meet the expectations quite well.  

I. INTRODUCTION 

In recent years, terahertz (THz) frequency regime has 

attracted increasing interest due to its emerging applications in 

medical imaging [1], security screening [2], and radio 

astronomy [3]. THz imaging has been extensively explored for 

the above applications utilizing array imagers (e.g., focal plane 

arrays) [4] and single-element imagers [5] (e.g., scanning probe 

microscopy). However, these prior approaches either require 

large-scale arrays of detectors or raster mechanical scanning, 

leading to increased system complexity and limited imaging 

performance (e.g., speed and resolution).  

To overcome the above problems, coded-aperture imaging 

(CAI) technique [6] which is promising for realizing both 

system simplicity (e.g., a single-element detector) and high 

performance (e.g., high SNR and speed) has been proposed and 

demonstrated. Schottky diodes [7] and graphene modulators [8] 

have been reported to realize CAI aperture masks (for spatial 

modulation of THz waves). However, restricted by biasing 

circuitry, pixel sizes cannot be further scaled down, resulting in 

low imaging resolution and limited mask reconfigurability. An 

alternative approach is to employ photo-induced (PI) free 

carriers in semiconductors to generate reconfigurable CAI 

masks without the need for additional, complicated circuit 

prepatterning or device fabrication/integration [9]. However, 

due to lateral diffusion of PI free carriers, the achievable spatial 

resolution is limited, restricting its applications for imaging 

requiring higher resolution. 

In this paper, we report a novel and unique solution for 

approaching subwavelength-resolution THz photo-induced 

coded-aperture imaging (PI-CAI) by utilizing micromachined 

mesa-array structures. The proposed structures utilize a two-

dimensional array of semi-isolated mesas with lateral 

dimension much smaller than the wavelength. By confining PI 

free carriers inside each mesa, much more refined photopatterns 

 

 
Fig. 1. Schematic drawing of mesa-array structures and zoom-in detail. The red 
dotted circle indicates a wi-wide small connecting island at the corners of 

adjacent mesas (with a mesa width of wm, and a trench width of wt). 

and consequently much smaller mask pixels can be achieved to 

potentially demonstrate subwavelength imaging resolution. Si 

mesa-array structures with a unit cell dimension of 105 μm × 

105 μm, and a trench width of 7 μm were fabricated and tested. 

An average modulation depth of ~ 11 dB was obtained in the 

frequency range of 740-750 GHz under a light intensity of ~ 4 

W/cm2. Initial imaging experiments were performed at 740 

GHz, and the results meet the expectations quite well. More 

advanced THz imaging will soon be performed for 

demonstrating subwavelength resolution using the proposed 

mesa-array approach. 

II. OPTICAL TERAHERTZ SPATIAL MODULATION OF MESA-

ARRAY STRUCTURES 

It has been demonstrated from our previous work that the 

THz transmittance of a semiconductor can be spatially 

modulated by changing the incident light intensity and the 

illuminated light pattern [10]. This spatially-resolved optical 

modulation (SROM) method could be applied to realize tunable 

and reconfigurable THz devices such as modulators, variable 

attenuators, and filters. However, due to lateral diffusion in 

naturally-existing semiconductors, the achievable spatial 

resolution of the resulted photopatterns from SROM is limited, 

restricting the implementation of tunable/reconfigurable 

devices in the THz regime [11].  

To overcome this problem, we propose a novel optical 

approach to improve the spatial resolution based on 

micromachined mesa-array structures. As shown in Fig. 1, this 

structure consists of a two-dimensional array of subwavelength 

(e.g., wm = 10 μm, much smaller than the lateral diffusion 
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length) semiconductor mesas, resulting in photo-induced free 

carriers being confined inside each mesa. Consequently, 

reconfigurable PI-CAI masks with much smaller pixel sizes can 

be generated (since “blurring” of patterns caused by lateral 

diffusion is eliminated) to potentially achieve THz imaging 

with subwavelength resolution. 

To validate the proposed approach, the optical modulation 

properties of Si mesa-array structures were first evaluated 

through HFSS simulations, assuming a free carrier lifetime of 

30 μs. Fig. 2(a) shows the modulation depth of mesa arrays (wm 

= 105 μm, substrate thickness h = 50 μm) with fully isolated 

mesas (see the inset in Fig. 2(a)). It can be seen that the 

modulation depth only increases by ~5 dB at 625 GHz as the 

light intensity P0 increases from 4 W/cm2 to 100 W/cm2, for 

mesa arrays with trench width wt = 7 μm. Although the 

modulation depth can be further increased by employing 

smaller wt (e.g., ~30 dB at 625 GHz with wt = 0.5 μm), the 

fabrication process for such structure could be extremely 

challenging. An alternative solution is to add small connecting 

islands (indicated in the red dotted circle in Fig. 1 inset) among 

adjacent mesas to keep the largest gap dimensions much smaller 

than the wavelength. Therefore, THz wave propagation through 

higher order modes can be effectively suppressed, leading to a 

higher achievable modulation depth (under the same light 

intensity). Fig. 2(b) shows the modulation depth improvement 

by utilizing the modified mesa array designs. It can be seen that 

by adding the connecting islands (wi = 9 μm), the modulation 

depth for modified mesa arrays with wm = 105 μm is improved 

by ~13 dB at 625 GHz under a light intensity of 100 W/cm2. A 

larger increase in the modulation depth can be observed for 

mesa arrays with smaller wm. Assuming wm = 22 μm, the 

modulation depth could be increased by ~80 dB at 625 GHz 

under the same light intensity (see red lines in Fig. 2(b)). This 

is attributed to a larger difference in the gap dimensions before 

and after adding the small connection islands. 

III. INITIAL IMAGING EXPERIMENTS AND DISCUSSION 

A Si mesa-array structure (wm = 105 μm, wt = 7 μm, wi = 9 

μm, h = 50 μm) was fabricated through deep reactive-ion 

etching (DRIE) process. An etching rate of ~5 μm/min was 

obtained using a combination of SF6/C4F8 for etching and 

passivation.  
The Si mesa-array structure was then tested using a WR-1.5 

vector network analyzer (VNA) as the source and the detector. 

An optical modulation depth of ~11 dB was obtained under a 

light intensity of only 4 W/cm2 in the frequency range of 740-

750 GHz as expected. Once again, ~84 dB could be potentially 

achieved using 22-μm mesas under 100 W/cm2 light intensity 

as predicted from simulation.  

Initial THz imaging experiments were also performed at 740 

GHz using the proposed Si mesa-array structures. On the basis 

of Hadamard coding, optical mask patterns can be generated 

through a digital mirror device (DMD) chip in a digital light 

processing (DLP) projector. Fig. 3 shows the reconstructed 

images (8×8 pixels, with an image size of ~12 mm × 9 mm) of 

an iris aperture with different sizes. It can be seen that the 

correpsonding outlines of the iris aperture (as shown by the 

black dashed circles) are clearly shown in the reconstructed 

images, indicating the validity of the PI-CAI using mesa-array 

structures. More advanced imaging experiments will be soon 

performed using more pixels (e.g., 16 × 16 pixels) with smaller 

pixel sizes to demonstrate THz PI-CAI with potentially 

subwavelength spatial resolution. 

CONCLUSIONS AND FUTURE WORKS 

 
Fig. 3. THz imaging (8×8 pixels) of an iris aperture at 740 GHz using Si mesa-
array structures: (a) reconstructed images of iris aperture with different sizes, 

(b) median filtered images for clarity. Black dashed circles highlight the 
dimensions of the apertures. Image size: ~12 mm × 9 mm. 

 
Fig. 2. (a) Optical spatial modulation depth of Si mesa-array structures with wm 
= 105 μm, h = 50 μm, wi = 0 (without connecting islands), and different wt (i.e., 

7 μm, and 0.5 μm). (b) The modulation depth comparisons for mesa-array 

structures (wt = 7 μm, h = 50 μm, wm = 105 μm or 22 μm) with (wi = 9 μm) and 
without (wi = 0) connecting islands. Different light intensities (4 W/cm2 and 

100 W/cm2) were employed, assuming a 30-μs carrier lifetime. 



A novel approach for realizing THz PI-CAI with potentially 

subwavelength spatial resolution is reported using 

micromachined mesa-array structures. The optical modulation 

properties of the proposed mesa arrays were first evaluated 

through full-wave HFSS simulations. A mesa-array structure 

was then fabricated and tested, and initial imaging results meet 

the expectations quite well. Imaging using more pixels will be 

soon performed to demonstrate potentially subwavelength THz 

spatial resolution. The proposed PI-CAI technique using mesa-

array structures provides a novel approach for realizing THz 

imaging with subwavelength resolution. 
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NOTES: 

 To improve the mapping speed, multi-pixel radio 
astronomy receivers are favored [1]. Observation speed will 
be increased by a factor of the pixel number of the receiver. 
Therefore, high science throughput can be produced.  

Currently, there are only few heterodyne array receivers at 
THz. One of the challenges is the distribution of the local 
oscillator (LO) beam to all pixels. Often phase gratings are 
used to split a single LO beam into multiple beams. Here we 
propose a waveguide-based beam divider. In order to 
evaluate the performance of waveguide splitters, we use a 
single LO generated by a VDI Amplifier / Multiplier Chain. 
The LO beam is captured by a horn, transferred to 
waveguide and T-junctions split the signal first in two 
signals and then in four signals. These signals exit through 
circular horns into free space and are then overlayed onto the 
astronomical signal using a beam splitter [2]. The two 
signals are subsequently focused by lenses onto HEB mixers. 
We designed a waveguide splitter for 1.37 THz. The 
cross-sectional size of the WR0.65 waveguide is only 164 
µm X 82 µm and is challenging to fabricate.  

The beam divider contains two parts: feeding network 
and circular horn array [2]. The feeding network consists of 
one E-plane junction and two H-plane junctions. The 
feeding network has been fabricated using two technologies: 
a new technology, named Femtosecond laser assisted wet 
etching or 3D-laser microfabrication technology [3], and 
silicon etching using an inductively coupled plasma-deep 
reactive ion etching (ICP-DRIE) [4]. The 3D-laser 
microfabrication can fabricate highly accurate 3D 
-geometries based on fused silica by direct f-s laser writing 
and wet etching. The SEM pictures of the fabricated 
feeding networks by the two technologies are shown in Fig. 
1. The total thickness of the feeding network is 400 µm, and 
the designed waveguide channel depth is 82 µm. A 
comparison of both 3D-laser and ICP-DRIE 
microfabrication is summarized in Table I. The feeding 
network fabricated by 3D-laser was plated with a 1.9-µm 
thick gold layer. The 3D-laser is easier to fabricate, but the 
bottom layer is rougher. On the other hand, the side wall of 
the feeding network manufactured by the ICP-DRIE is 
rougher. The estimated simulated waveguide insertion 
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2  Institut FEMTO-ST, Université Bourgogne Franche-Comté UBFC, 
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3 C2N, CNRS, Université Paris-Sud, Université Paris-Saclay, Palaiseau, 
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losses of the two types waveguide are 0.35 dB/mm and 0.31 
dB/mm, as shown in the Table I. The length and the inner 
aperture diameter of the circular horn is 5 mm and 1.7 mm, 
respectively. The circular horn array is the only part 
fabricated by conventional mechanical machining. The 
14.36-mm length waveguide in the feeding network 
contributes an additional insertion loss of 4.5-5 dB for each 
LO beam, according to the simulation. The first beam 
divider for demonstration has been assembled and will be 
characterized soon. 
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Fig. 1 SEM pictures of the T-junction details, (a) 3D-laser (b) ICP-DRIE  
 

Table I.  Comparison of the two manufacturing technologies investigated.  
Technology 3D-laser  ICP-DRIE 

Material Fused silica Silicon 
Side angle 90° ~89° 

Number of mask Not needed 2 

Mask misalignment The issue does 
not exist <2 µm 

Bottom surface roughness  Rq ~367 nm* Rq ~28 nm 
Channel depth 84~88 µm 82~83 µm 

Estimated waveguide insertion loss 0.35 dB/mm 0.31 dB/mm 
*The value is measured after gold deposition. 

500 µm 500 µm 

a) b) 
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Absorber Optimization Study for the Terahertz
Intensity Mapper (TIM)

Rong Nie, Reinier M.J. Janssen, Charles M. Bradford, Jeffrey P. Filippini, and Steven Hailey-Dunsheath

Abstract—We discuss the design and optimization of the
absorber for the long-wavelength arm of the Terahertz Intensity
Mapper (TIM), a balloon-borne spectrometer employing Kinetic
Inductance Detectors (KIDs). Electromagnetic simulations of our
design indicate in-band absorption efficiency over ∼ 80% in both
linear polarization modes. By developing custom transmission
line model and mode-matching calculations, we find the absorp-
tion efficiency is affected by the absorber’s reactive part and
overall shape. These insights into the operation of this design
provide guidance for its optimization for low-resistance absorber
materials.

Index Terms—Electromagnetic simulations, Kinetic inductance
detector, Mode matching method, Terahertz Intensity Mapper,
Transmission line theory.

I. INTRODUCTION

UNDERSTANDING the history of star formation through-
out cosmic time would provide significant insights into

the processes of galactic evolution. The far-infrared (FIR)
wavelength band contains valuable information to address this
question: half of the total energy output from the cosmic
star formation has been absorbed by interstellar dust and re-
emitted in the FIR [1][2]. Un-extincted FIR spectral lines (e.g.,
[CII], [NII], [OI]) can reveal the composition of the interstellar
medium (ISM) and the abundance of star-forming clouds.
Traditional single-object observations suffer from limitations
of individual galaxy brightness, angular resolution, and survey
speed. Line intensity mapping (LIM) is an emerging technique
that maps the integrated emission of spectral lines from
galaxies [3], which appear at different wavelengths depending
on the redshifts of their sources. LIM thus enables study
of the ISM and galaxy evolution over cosmic time without
demanding high angular resolution [4].

The low noise, broad bandwidth, and large survey area
required for FIR LIM demands an observing platform above
the bulk of the Earth’s atmosphere. The Terahertz Intensity
Mapper (TIM) [5] is a balloon-borne FIR spectrometer de-
signed to observe key spectral line tracers at the epoch of peak
cosmic star formation. With an observing bandwidth of 240–
420 µm, TIM will observe spectral lines from [CII] (158µm,
visible 0.5< z <1.6), [NII] (205µm, 0.2< z <1), [OI] (63µm,
2.8< z <5.7 ), and [OIII] (88µm, 1.7< z <3.8), spanning the
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crucial gap in spectroscopic coverage between ALMA and
JWST. TIM will make a pioneering demonstration of LIM
by observing both spectral and spatial signals. In addition,
TIM will: (i) detect ∼100 galaxies to constrain models of
galaxy evolution; (ii) capture the star formation contribution
of galaxies too faint to be detected individually through the
measurement of the [CII] luminosity function across the peak
of cosmic star formation; (iii) stack [CII] and [NII] lines
on stellar mass-selected galaxies with spectroscopic redshifts,
informing theory to relate this to the total star formation rate,
star formation mode, metallicity, and specific star formation
rate; and (iv) measure the specific star formation rate as a
function of redshift by cross-correlation with Herschel/SPIRE
and Spitzer/IRAC. Moreover, TIM will be a vital technological
and scientific stepping stone to future orbital missions such as
the Origins Space Telescope [6].

The promise of FIR line-intensity mapping brings with it
substantial technical challenges. TIM’s 2 m warm reflector will
feed an R ∼ 400 grating spectrometer, partitioned into long
wavelength (LW: 317–420 µm) and short wavelength (SW:
240–317 µm) modules. To approach photon-noise-limited
performance with high scalability, TIM employs feedhorn-
coupled aluminum Kinetic Inductance Detector (KID) ar-
rays operated at 250 mK [7]. These KIDs will employ a
lithographically-patterned aluminum absorber coupled to a
waveguide to absorb the incoming radiation.

In this paper we discuss electromagnetic simulation results
and optimization studies for a TIM absorber design based upon
that used in the MAKO camera [8]. This is a short version
for ISSTT 2020; in full version of this parper (IEEE special
issue), we will discuss transmission line theory and the mode-
matching method to give greater intuition for our results.

II. FINITE-ELEMENT SIMULATIONS

Inspired by the design developed for MAKO, the proposed
TIM absorber (Fig. 1) is a 30 nm thick and 400 nm wide alu-
minum (Al) meandering line forming a quasi-mesh structure,
patterned onto a silicon wafer with integrated back-short. The
MAKO absorber was developed for the high sheet resistance,
Rs, of titanium nitride (TiN) KIDs. A key challenge for TIM
is thus to adapt this design to the much lower resistivity
(RsTiN/RsAl ∼ 100) of aluminum.

Building off an initial design [7], we carried out a program
of simulations using the finite-element method (FEM) electro-
magnetic software ANSYS-HFSS. Fig. 1 shows the simulation
setup. Radiation is guided to the quasi-mesh absorber by a
127 µm radius circular waveguide that flares out to a 225 µm
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Fig. 1. Top: 3-D rendering in HFSS and side view cartoon of a single pixel.
Photons propagate from the top port through a flared circular waveguide onto
the aluminum meander, which is front-side illuminated and surrounded by
three optical choke rings. A back-short layer is deposited on the other side
of the silicon wafer. Bottom: Top view of the meander geometry, with insets
highlighting mesh intersections. The various segments of meander line come
close enough to one another at the corners to create capacitive shorts at the
optical frequencies. The Bottom Middle panel is effectively a unit cell of
the entire absorber. Throughout this paper, x and y refer to the vertical and
horizontal axes of the lower pane.

radius near the absorber. The waveguide and absorber are
separated by a short air gap. The absorber is located on a Si
wafer with a metalized backside, which functions as a λ/4
back-short. In addition, the front-side illuminated absorber
is surrounded by three choke rings made from the same
aluminum as the absorber. In the optimized design the air gap
and back-short distances are 25 µm and 27 µm, respectively.
Both the choke ring widths and the gaps between them are 58
µm.

Power is propagated down the waveguide in the TE11 mode,
since this is the only mode carried by the waveguide over
a large part of the frequency band; the lowest three cut-off
frequencies for a circular waveguide with radius a=127µm are
TE11=691.6 GHz, TM01=903.6 GHz and TE21=1147.4 GHz.
The incoming power from the waveguide is distributed to
five different ports, each measured independently in HFSS:
absorption by the antenna (Pab), reflection back to the waveg-
uide (|S11|2), absorption by the choke rings (Pcr), and ra-
diation escaping the pixel through the air gap (Pag) and
the substrate (Psb). The reflected power comes from S11

directly, while the absorbed and radiated powers are defined
as Pi =

∫
Re(S · n)dAi, where S is the Poynting vector,

and n is the unit outward normal vector of each surface Ai.
As a consistency check, we computed the sum of these five
components to confirm that they match the input power to
<0.1%. Further details are given in the appendix.

We optimized over the following parameters: (a) air gap and
(b) back-short distances, (c) meandering line width, and (d)
total absorber size. We also explored the effects of (e) includ-
ing higher-order circular waveguide modes, (f) switching to
a rectangular waveguide, (g) excluding the choke structures,
and (h) changing the choke ring dimensions. Fig. 2 shows

Fig. 2. Simulation results for the LW optimized design: air gap distance =
25µm, back-short distance = 27µm, line width = 0.4µm, the waveguide is
excited by a single circular TE11 mode, and the absorber is surrounded by
three choke rings. Vertical lines delimit the desired bandwidth (714-946 GHz).

the absorption efficiency of the optimized design. Absorption
at low frequencies is suppressed by the waveguide cut-off
frequency, while the high frequencies are reduced by the
back-short thickness. Since TIM’s detectors should ideally be
sensitive to incoming signals independent of polarization, we
investigate antenna performance in both x and y polarizations
(blue and red lines in Fig. 2). We also simulate a representative
input signal polarized at an intermediate angle and with an
arbitrary phase delay (Ein = ~Ex + e0.28πi ~Ey); the result is
similar to the simple superposition of polarizations, suggesting
that the independent study of x and y-polarization performance
shown here is adequate.

III. CONCLUSION

Using finite-element simulations, we have demonstrated a
meandered Al KID absorber for TIM with high absorption
efficiency (∼80%) in both x and y-polarizations. The power
loss through the wafer and air gap is low (∼0.1%), indicating
minimal optical cross-talk between pixels. Based upon the
success of this design, fabrication and testing of the first TIM
test devices is anticipated in fall 2020.

Though we have demonstrated a successful design, we
have several promising directions for future optimization. The
MAKO-style absorber discussed here has relatively few pa-
rameters to tune (mainly meander line width and spacing), and
the degree of polarization of the antenna depends upon these in
non-trivial ways. The present design also relies on a relatively
small air gap and a number of narrow (∼0.3 µm) gaps at the
mesh vertices (Fig. 1, lower right); while these parameters are
manageable, a design with larger gaps and a wide tolerance
in aluminum sheet resistance would be appealing. We are
currently pursuing additional design efforts around an alternate
absorber design that may prove more robust to fabricate for
both LW and SW bands. This effort will be the subject of a
future publication.
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Abstract—The operation of conventional transistors is based on 

modulating the conductivity within a semiconductor by the 
application of an electric field. Meissner Effect Transistor (MET) 
has a complimentary device architecture within which the 
conductivity of a superconducting bridge is modulated by an 
applied magnetic field by way of the Meissner Effect. The upper 
cut-off operating frequency is dependent on Cooper pair 
relaxation time. Here we introduce the theory behind the 
operation of the MET, as well as initial proof-of-concept 
laboratory measurements. 
 

Index Terms—Cooper Pair, HEB, Meissner Effect 
 

I. THEORY OF OPERATION 
Superconductors are made by forming Cooper pairs between 
electrons. The electrons in a Cooper pair have opposite 
(antiparallel) spins. Magnetic fields work to align the electron 
spins. Meissner and Ochsenfeld (1933) found that if a 
superconductor is cooled in a magnetic field to below the 
transition temperature , then at the transition, the lines of 
induction  are pushed out. Likewise by imposing a magnetic 
field, , on a superconductor it is possible to break the Cooper 
pairs in a controlled way, thereby modulating the conductivity 
of the superconductor. 
 
The theory of operation for a Meissner Effect Transistor (MET) 
is analogous to a Field Effect Transistor (FET). A standard FET 
has 3 ports formed by metallic electrodes deposited on a 
semiconductor substrate.These ports are the gate (G), source 
(S), and drain (D). A time varying electric field applied to G 
modulates the conductivity in the underlying channel 
exponentially; i.e. small changes in the time varying gate 
voltage can cause large variations in the channel conductivity. 
In case of MET, the ̀ `channel’’ is a thin superconducting bridge 
and the gate electrode is replaced by an oscillating magnetic 
field,  that modulates the bridge’s conductivity also in a 
nonlinear manner (Fig. 1). The greatest gain (or sensitivity) 
occurs when the bridge is magnetically or thermally biased near 
the point of going normal 
 
A linear small signal model for an MET can be derived using 
the same approach as is used for an FET[1]. The small signal 
drain current  is a function of both the small signal drain  
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Fig. 1. Operating principle of an MET. A time varying magnetic field applied 
at the gate electrode (G) modulates the conductivity of the superconducting 
bridge. 
  
voltage  and the magnetic field applied to the bridge . 

    (1) 

where 

  (2) 

is the magnetic transconductance. The magnetic drain 
resistance  can be defined as 

 .  (3) 

 
Considering the gate current noise is uncorrelated with the drain  
current noise, the MET minimum noise temperature is given 
by[2]  

  (4) 

where  is the operating frequency (Hz),  is the upper cut-

off frequency, and . 

For MET, the upper cut-off operating frequency is dependent 
on Cooper pair relaxation time . In case of Niobium[3],   

  (5) 
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  (6) 

 
Fig. 2. Expected minimum MET noise temperature vs range of operating 
frequency. At , . 

II. TEST SET-UP & EXPERIMENTAL RESULTS 
 

The MET is bolted on to the cold plate inside the helium 
cryostat. Voltage biasing is provided using a bias tee connected 
through the pre-amplifier to the SIS & Magnet Bias Box. 
Backing pump and Turbo pump are used to pull vacuum in the 
cryostat. The cold head connected to a compressor is then 
employed to cool the cold plate down to 90 K. Cryostat is then 
filled with liquid helium. Once the cold plate is cooled down to 
4.4 K, the magnet is moved into position and Voltage-Current 
characteristics of the MET is recorded.

 
Fig. 3. Left: Prototype MET inside of cryostat. Right: MET Experimental Set-
up 
A pulse width modulator is used to modulate the current supply 
to the solenoid at low frequency (around 4-6 Hz). The resulting

 modulates the conductivity of MET. SIS & Magnet Bias 

box is used to supply and read the voltage equivalent of 
. A lock-in amplifier is used to pick up the voltage equivalent 
of . An Arduino board is programmed to read in this voltage 
and convert it to . 
 
In order to test the prototype MET it is first biased to its 
operating point using the neodymium toroidal magnet. Fig. 3 is 
a plot of the lock-in amplifier output versus time as the position 
of the toroidal magnet is varied. Since the lock-in amplifier 
output is proportional to , the plot shows the ability to 
magnetically bias the MET to its proper operating point. Once 

at its operating point, the conductivity of the superconducting 
bridge is then modulated by applying a signal current to the 
solenoid, . 

As expected, when the toroidal magnet is out of position, 
such that the MET is no longer at its operating point, varying 

 does not have an  effect on .  Fig. 4 indicates the 
conductivity of the superconducting bridge  is being modulated 
via  by varying . Increasing  leads to increase in 

, which results in a bigger change in . 

 
Fig. 3. I-V Curves showing intermediate states of MET as a function of 
magnetic field - a necessary step in validating MET performance. 

 

 
Fig. 4. Lock-In Amplifier output representing the voltage equivalent of  for 

different values of solenoid supply current .  

III. CONCLUSION 

In this paper we have introduced the concept of the Meissner 
Effect Transistor (MET) and presented its theory of operation. 
Initial test results are shown to be consistent with the 
underlying theory. Further characterization of MET 
performance compared to theory will require a dedicated 
device run and an improved test set-up. 
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Abstract—We describe the preliminary design concept of a 

W-band multibeam receiver for the Gregorian focus of the 

Sardinia Radio Telescope (SRT), a new general purpose fully 

steerable 64-m diameter antenna located on the Sardinia island, 

Italy, managed by the Italian National Institute for Astrophysics 

(INAF). 

The goal specifications of the W-band receiver foresee a 4×4 

array of dual-polarization feed-systems utilizing waveguide 

Orthomode Transducers (OMTs) and low-noise amplifiers 

(LNAs) cryogenically cooled at ≈20 K, all designed to cover the 70-

116 GHz RF band. The instrument concept utilizes a dual 

sideband separation (2SB) downconversion mixing scheme 

delivering two 8 GHz-wide Intermediate Frequency (IF) 

bandwidths (across 4-12 GHz), the USB and the LSB, for each of 

the two polarization channels of each of the pixels.   

The instrument is being procured by INAF through an 

international call for bid. In support of such procurement, we set 

the instrument minimum requirements and selected few possible 

architectures. Then, we conducted an advanced feasibility study of 

the receiver that allowed us to define a preliminary design of the 

full receiver for its minimum and goal requirements. In particular, 

we studied the following receiver subsystems: the optics, the 

cryogenic modules, the cryostat, the down-conversion and 

calibration systems, the mechanical derotator (to track the 

parallactic angle), and all of its essential subsystems. Here, we 

present the main requirements and the preliminary design of the 

W-band multibeam receiver, which is set to deliver state-of-the-art 

performance and will allow to conduct single-dish high-sensitivity 

large-scale surveys radio astronomy observations with the SRT.    

 
Index Terms—Low-Noise Amplifiers, Mixers, Radio 

astronomy, Receivers, Telescope. 

 

I. INTRODUCTION 

HE Sardinia Radio Telescope (SRT, www.srt.inaf.it) is a 

new general purpose fully steerable 64-m diameter radio 

telescope designed to operate with high efficiency across the 

0.3-116 GHz frequency range [1]. Since December 2018 the 

telescope, shown in Fig. 1, has been opened to the international 

community to carry out radio astronomy observing programs  
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using an initial set of receivers covering four RF bands across 

0.3-26.5 GHz [2]-[6]. The SRT operates in single-dish 

(continuum, full Stokes and spectroscopy), Very Long Baseline 

Interferometry (VLBI) and Space Science modes and it has 

been successfully used also for space-debris detection and Sun 

observations. 

The telescope optical design is based on a quasi-Gregorian 

configuration with shaped 64-m diameter primary (M1) and 

shaped 7.9-m diameter secondary (M2) reflectors to minimize 

spillover and standing waves (Fig. 2). The primary mirror 

utilizes an active surface with 1116 electromechanical actuators 

to compensate the gravitational deformation in real-time. The 

actuators are also used to convert the shaped surface of the 

primary mirror to a parabolic profile during primary focus 

observation.  

To extend the current capabilities of the telescope to high 

frequencies, INAF aims at upgrading the metrology system and 

at developing and/or procuring a new set of Front-Ends to be 

installed at its Gregorian focus (Fig. 3).  

One of such new instruments is a W-band multibeam 

heterodyne receiver, whose specifications and design concept 

are described in the following sections. 
 

 

Fig. 1. The 64-m diameter Sardinia Radio Telescope (SRT), Sardinia island, 

Italy. 
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Fig. 2. Optical configuration and ray tracing of the SRT showing the 64-m 

diameter primary (M1), the 7.9-m diameter secondary (M2), and two additional 

Beam Waveguide (BWG) mirrors (M3 and M4). The primary and secondary 

mirrors are shaped. The W-band multibeam receiver will be installed at the 

Gregorian focus (F/D=2.34). 
 

 
 

Fig. 3. Cross-cut of the SRT telescope showing details of the three-floor 

Elevation Equipment Room (EER). The W-band multibeam receiver will be 
installed on the Gregorian receiver positioner at the Gregorian focus, located on 

the EER third floor. The image also shows four of the Beam Waveguide (BWG) 

mirrors on the EER second floor as well as the BWG foci, one of which on the 
EER first floor. 

II. W-BAND MULTIBEAM RECEIVER SPECIFICATIONS 

The receiver will be installed at the Gregorian focus of the 

SRT and must be designed to provide high-efficiency 

illuminations of the antenna shaped optics for all of its pixels 

across the 75-116 GHz band, with goal band 70-116 GHz. The 

minimum requirements and the goal requirements of the 

W-band receiver are listed in Table I. The instrument must be 

capable to observe weak radio astronomy sources with high-

sensitivity (receiver noise of less than 60 K) but also the strong 

signals from the Sun without saturating the receiver chains. The 

array receiver shall be based on a minimum of nine dual linear 

polarization feeds in a square 3×3 configuration. The goal is an 

array of 16 feeds in a square 4×4 configuration for the 70-

116 GHz band. The receiver must be designed to provide high 

mapping efficiency by optimizing the geometry and the 

separation between the projected beams on the sky. The 

aperture efficiency ηeff of the SRT antenna illuminated by all 

feeds, including the ones with the largest offset from the optical 

axis, shall be no less than 0.50 (50%) at all frequencies across 

the full RF band, i.e. ηeff=ηt ηs ηp 0.50, where ηeff is the product 

of taper efficiency ηt, spillover efficiency ηs and polarization 

efficiency ηp, (the other contributions to the aperture efficiency, 

e.g. Ruze, focus, radiation efficiency and blockage, are 

considered to be unitary, see also [7]-[8] for definitions).   
 

TABLE I 
MINIMUM AND GOAL REQUIREMENTS OF THE W-BAND MULTIBEAM RECEIVER  

RF band 75-116 GHz (goal 70-116 GHz) 
 

Polarization properties  Two orthogonal linear with OMTs 
 

Number of pixels and 

array configuration 

 

Square or alternative formats. Minimum 9. 
Goal 16  

 

Antenna aperture 

efficiency 

ηeff=ηt ηs ηp 0.50 across the RF band for all 

feeds 
 

Technology HEMT LNAs 
 

Downconversion scheme 

and IF band 

 

2x6GHz SB (USB+LSB), IF band 4-10GHz. 

Goal 2x8GHz SB, IF band 4-12 GHz 
 
 

Maximum IF outputs  

 

38 for any number of pixels. A 4x4 array 
must have a maximum of 32xIF outputs. 

 
 

Mechanical derotator 

 
 

Yes, to track the parallactic angle 
 
 

Array calibration 
 

Single 293 K calibration load  

 

Solar observations 

 

Yes, with switchable filter/attenuator placed 

in front of vacuum window 
 

Noise temperature  
 

TSSB  60 K over 80% of RF band 
 

Image band suppression 
 

Ri ≥ 10 dB  

Local Oscillator signal 
Tunable via high phase stability synthesizers 

or YIG oscillator 
 

 

Cryocooler 
 

Two cryogenic stages: S1<80 K; S2<20 K 

Overall diameter (mm) < 800 

Height (mm) ≤ 2465 

Weight (kg) < 250 

 

The receiver shall include a calibration system with at least 

one room temperature (293 K) calibration load. 

III. RECEIVER ARCHITECTURE 

A possible architecture of the receiver is shown in Fig. 4. 

The dual linear polarization shall be achieved by means of 

dual-polarization feed systems where each array element  
 

 
 

 
 

Fig. 4. Possible W-band multibeam receiver architecture in 4×4 configuration 
covering 70-116 GHz. It shows the calibration load and solar filters/attenuator 

at its input, the cryostat with the cryogenic components, the room temperature 

sideband separating down converters, the LO distribution system and the 
“internal” IF switch matrix to select the IF signals to deliver to the backend. 

The receiver includes a derotator mechanically attached to the cryostat.  



31st IEEE International Symposium on Space THz Technology (ISSTT2020), Tempe, AZ, USA, March 8-11, 2020 

 

 
 

Fig. 5.  Array feed configuration and spacing on the Gregorian focal plane (left) 

and projected beams on the sky (right) for a 4x4 square format solution. 
 

 
Fig. 6.  3D sketch of the W-band multibeam receiver for the Gregorian focus of 
the SRT. View of the full instrument showing the cryostat, the downconverters, 

the mechanical derotator, the cabinet with electronics rack and the mechanical 

frame for mounting on the Gregorian receiver positioner.  

 

employs a cascade of corrugated feed horn, OMTs and High 

Electron Mobility Transistor (HEMT) LNAs cryogenically 

cooled at ≈20 K inside a cryostat. The downconverters for each 

of the receiving chains, utilizing a tunable Local Oscillator 

(LO) signal distributed to each of the elements, can be located 

at cryogenic temperature or at room temperature, inside or 

outside the cryostat.  

The downconverter shall provide a minimum of 12 GHz band 

of Radio Frequency (RF) sky coverage for each polarization of 

each of the pixels (goal 16 GHz) and can utilize either a Single 

Side Band (SSB) or a dual Sideband Separation (2SB) mixing 

scheme. Fig. 4 shows a possible example of receiver 

architecture based on 2SB scheme delivering an IF band of 

4-12 GHz per sideband (goal specification).  

Due to the shaped configuration of the SRT the usable focal 

plane area at the Gregorian focus is limited to feed horns whose 

axis are placed within a radius of ≈65 mm from the telescope 

optical axis. To be confined within a ≈130 mm diameter, a 9 

element dual polarization focal plane array in 3×3 configuration 

can adopt a feed spacing of ≈45 mm, although shorter spacing 

would be desirable. Instead, a dual polarization array in 4×4 

configuration necessarily requires to design cryogenic modules 

with smaller footprint size where the feed spacing is ≈31 mm. 

The module would have to adopt OMT waveguide outputs and 

LNA inputs with non-standard miniaturized waveguide flanges. 

A possible configuration of the array with 4×4 feeds on the SRT 

Gregorian focal plane and the corresponding beams projected 

on the sky are shown in Fig. 5. The example refers to an array 

of feeds placed on the Gregorian focus without reimaging 

optics.  

We made a preliminary 3D design concept of the full 

receiver, illustrated in Fig. 6, corresponding to the receiver 

architecture shown in Fig. 4. The 3D sketch includes the 

cryostat with commercial cryocooler and first downconverters 

attached to its backplate, the mechanical frame to mount the 

instrument on the Gregorian receiver positioner (see Fig. 3), a 

cabinet with electronics racks for biasing the LNAs and for 

monitoring and control of the receiver subsystems, a 

mechanical derotator to maintain the parallactic angle during 

source tracking with associated cable wrap, a vacuum pump 

with remotely controlled vacuum valve, the switching 

mechanism for selecting the calibrator or the solar 

filter/attenuator in front the vacuum windows and all other 

minor but necessary accessories. 

IV. CONCLUSIONS 

We presented the specifications and a preliminary design 

concept for a W-band multibeam receiver to be installed at the 

Gregorian focus of the SRT. The instrument is being procured 

by INAF through a call for bid.  
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NOTES: 

  

Recently it has been demonstrated that graphene can be 

used to develop large-scale, high-sensitivity coherent 

detection receivers for astronomy applications in the 

terahertz bands (300 GHz-5 THz) [1]. Such detectors can be 

used in large focal plane arrays for high resolution 

astronomical imaging [2], while offering increased operation 

bandwidth compared to other superconductors (e.g. niobium 

nitride− NbN) with lower local-oscillator power 

requirements, due to the exhibited quantum effects in 

graphene [1]. However, developing such large-scale 

graphene sensors is hindered, since graphene fabrication 

suffers from low yields over large areas [3]. Specifically, 

graphene adhesion to the carrier substrate (e.g. Si02 or Si) is 

typically weak thus leading to easy delamination of graphene 

during the nanofabrication process (e.g. development, liftoff, 

etc.) due to the used chemicals [3]. 

 

 
 

 

Fig. 1. The proposed nano-fabrication procedure used to develop 

large-area graphene devices: 1. Transfer graphene on the high-

resistivity Si substrate, 2. Deposit a 30 nm Ti sacrificial layer 

using electron-beam evaporation, 3. Form the metal layer of 

gold/chrome using photolithography, electron-beam 

evaporation, and lift-off (before the metal deposition we clean 

the Ti from the open areas to ensure good metal-graphene 

contact) 4. Pattern graphene devices using dry etching, 5. Clean 

the Ti sacrificial layer using wet chemistry. 

 

The scope of our work is to increase the yield of graphene 

nanofabrication over large areas enabling the development 

of multi-element graphene sensor arrays for astronomical 

and other applications. To achieve that we use a sacrificial 

layer as shown in Fig. 1, that protects the graphene 

throughout the nanofabrication steps and does not allow the 

delamination during the wet processes. Exploiting the 
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proposed method, we acquire 92 % yield over a 2 cm × 2 cm 

aperture, improving the almost zero yield exhibited without 

the use of the sacrificial layer. The sacrificial layer consists 

of a 30 nm thick titanium−Ti film and is deposited using 

electron beam evaporation. The advantages of the proposed 

method are twofold: 1) we prevent graphene delimitation 

during the wet processes and 2) Ti helps to retrieve the 

intrinsic graphene properties by removing any contaminants 

that adhere to the graphene lattice.  

Our fabrication process is verified through Raman 

spectroscopy and graphene sheet resistance is measured in 

the 220-330 GHz bands. The test fixture is comprised of a 

graphene loaded coplanar waveguide (CPW) transmission 

lines and with the use of RF contact probes we measure the 

scattering parameters of the devices. Afterwards, the 

graphene sheet impedance is extracted, and the results are 

verified with already published showing good agreement. 

Moreover, the graphene sheet impedance is measured for 

various biasing voltages and the acquired mobility changes 

are in accordance with the existing literature, revealing that 

the proposed nanofabrication process has not harmed the 2D 

graphene layer. 

During the conference, the proposed graphene high-yield 

fabrication method will be presented alongside the contact 

probe measurements process.  
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NOTES: 


i
 

Atomic oxygen (OI) is the main component of the 

mesosphere and lower thermosphere (MLT, altitude 

approx. 80-300 km) of the Earth. It is generated through 

photolysis of molecular oxygen or ozone by ultraviolet 

radiation from the Sun. The photochemistry and the energy 

balance of the MLT are governed by OI. In addition, it is a 

tracer for dynamical motions in the MLT. OI is extremely 

difficult to measure with remote sensing techniques, since it 

has not many optically active transitions. We have 

measured the fine-structure transition of OI at 4.7448 THz 

using the GREAT heterodyne spectrometer on board of 

SOFIA, the Stratospheric Observatory for Infrared 

Astronomy. This is the first measurement of the OI 

emission line shape at 4.7448 THz. This method enables the 

direct measurement of OI without involving photochemical 

models and agrees within 10% with recent atmospheric 

models. In contrast, OI concentrations derived from satellite 

instruments are not derived from direct observations of OI 

and involve complex photochemical models. This is where 

a small satellite mission could be beneficial. The derived 

concentrations are up to 100% larger than predicted by 

atmospheric models. Therefore, we propose to measure the 

fine structure transitions of OI at 2.06 and 4.7 THz with a 

dual-frequency heterodyne spectrometer on a small 

satellite. This satellite mission, called OSAS (Oxygen 

Spectrometer for Atmospheric Science) will yield more 

accurate results than previous missions, global coverage 

and annual variations of OI.  

As a first step towards realization of OSAS, a small 

satellite study has been performed based on Concurrent 

Engineering methods. The proposed science payload is a 

dual frequency heterodyne spectrometer (Fig 1). The low-

frequency channel is centered at the 2.06 THz fine-structure 

transition of OI and the high-frequency channel is centered 

at its 4.7-THz fine-structure transition. The low-frequency 
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channel has a Schottky diode mixer with a multiplied 

microwave oscillator as local oscillator (LO). The high-

frequency channel is based on a Schottky diode mixer and a 

quantum-cascade laser (QCL) as LO. The backend is a 

digital fast Fourier spectrometer. To provide complete OI 

mapping of the Earth plus characterization of particular 

areas of interest, the spacecraft design options allow the 

observation of the MLT at different local times during the 

time of the mission. Therefore, a high inclination low earth 

orbit, preferably a sun synchronous orbit (SSO), is intended 

as initial orbit. In case of a SSO a propulsion system adapts 

the orbit to observe the MLT at different local times. A 

total mission duration of 24 months is planned. Five solar 

array panels will provide up to 260 W electrical power 

required by the entire spacecraft for this challenging 

mission. The total mass of the spacecraft (Fig. 2) has been 

estimated at approx. 240 kg with the 50 kg OSAS payload. 

 

 
 

Fig. 1: Scheme of the optical bench with OSAS payload. 

 
 

Fig. 2: Scheme of the satellite (deployed). 
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NOTES: 

  

Wideband, direct-detection spectroscopy in the far-IR 
through millimeter is a compelling scientific opportunity on 
platforms ranging from ground-based to cryogenic orbital. 
Large-format spectroscopy in these bands is challenging, 

 
1 California Institute of Technology, Pasadena, CA 91125 USA.  
2 Jet Propulsion Laboratory, Caltech, Pasadena, CA 91109 USA.  
3 University of Chicago, Chicago, IL 60637 USA.  
4 Argonne National Laboratory, Lemont, IL 60439 USA.  
5 National Institute of Standards and Technology, Boulder, CO 80305 

USA.  

however, because it requires large arrays of sensitive 
detectors, and because conventional optical spectrometer 
designs are large and do not scale up gracefully. 

To address these challenges, we have developed a 
superconducting on-chip filterbank, SuperSpec.  Radiation 
propagates on niobium on-silicon-nitride microstrip, and 
encounters a series of resonant filters, each coupling a 
narrow band to titanium-nitride kinetic inductance detector 
(KID).  As Figure 1 shows, a full wideband spectrometer fits 
on a silicon chip a few square cm in size.   

In previous 50-channel prototypes covering the 240 to 265 
GHz band, we demonstrated good filterbank performance.  
and a limiting detector noise equivalent power of 7x10-19 W 
Hz-1/2, comfortably photon-background-limited for any 
ground- or suborbital application.  We have developed and 
are now producing full band (~200-300 GHz) 300-channel 
(Fig. 1) and 110-channel chips for scientific use. 

We are preparing to deploy 6 chips in a demonstration 
instrument (Fig. 1, bottom) at the Grand Telescopio 
Millimetrico (GTM/LMT) on the 15,092’ Sierra Negra in 
Mexico.  The spectrometer chips are cooled to 220 mK, and 
each uses a single readout circuit operating between 100-450 
MHz based on with ROACH-2 electronics.  The instrument 
will be installed this summer with scientific observations in 
the fall. We will target dusty galaxies at intermediate and 
high redshifts in CO and [CII], respectively.   

Future prospects for SuperSpec include steered multi-
object spectrometers and large 2-D imaging spectrometers. 
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SuperSpec:  On-Chip Direct-Detection Spectroscopy,    
Preparing for LMT Campaign 
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Fig. 1.  Top:  300-channel SuperSpec chip covering the 200-

300 GHz band.  The feedline runs from right to left (~1/3 down 
from the top). The vertical structures are the KID capacitors.  
Bottom: Cold box of the demonstration instrument.  It houses 6 
chips to couple both polarizations of 3 beams (grid polarizer not 
shown here); they will be steered to the source with a chopping 
mirror at a pupil in the warm relay optics. 

Progress Against Task 2 Milestones: Instrument Preparation

• Existing cryostat at Caltech has been re-worked for deployment. 
• New vacuum jacket, shields, filters, cryogenic lens.

• 6-chip SuperSpec housing installed.
• 6 coaxial lines and amplifiers installed.
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