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INTRODUCTION

The prime focus of the International Symposium on Space Terahertz Technology is
on theory, techniques and applications in the field of space terahertz technology
related areas but in reality its scope includes instrumentation for ground-based
millimeter and submillimeter-wave radioastronomy. Detectors cooled or un-cooled
(SIS, HEB, Schottky mixers, TES, semi-conductor bolometers, KIDs), sources (Gunn
sources, frequency multipliers, FF0s, BWO, FIR lasers, photo-mixers and now
QClis), optics (lens, antennas, FSS, diplexers...) spectrometers (AOSs, auto-
correlators...) and entire instruments (heterodyne cameras, bolometer arrays, HIFI,
Planck,...) are the subject of this annual conference. The first 14 editions of the
ISSTT conference were held in the USA. In 2005, the 16th edition was held for the
first time in Europe, in Chalmers, Goteborg, Sweden. The 17th International
Symposium on Space Terahertz Technology was held at the Institut
Oceanographique, 195 rue Saint-Jacques, 75005 Paris. The Institut Oceanographique
is a private institution founded in 1906 by Albert ler, Prince of Monaco. Located in
the heart of the historical center of Paris, near the Luxembourg Gardens, la Sorbonne
and the Seine river, it offers an exclusive atmosphere. The entire first floor of the
Institut Oceanographique was dedicated to the IS STT 2006. It included the great and
the small amphitheaters, the exhibition room and the computer room (called in fact
salle du conseil).



Oral presentations

Oral presentations took place in the great amphitheater only. The duration of the oral
presentations was 15 minutes including questions.



Poster presentations

Poster sessions took place in the small amphitheater and the exhibition room located
next to each other. At the entrance of each room a board indicated which posters were
displayed. Posters were in vertical format up to AO size (84x119cm). The poster
session were introduced by two thirty-minute oral presentations. Dr. Jian-Ron Gao
presented the first poster session while Dr. Eribert Eisele and Dr. Imran Mehdi
presented the second session.

Reception at the Observatoire de Paris & Gala Diner

On Wednesday May the 10th from 18:30 to 20:00, the attendees and accompanies
were invited to a reception at the Observatoire de Paris , 77 avenue Denfert
Rochereau, 75014 Paris, located at only 15 minutes walk from the conference hall. Dr.
Daniel Egret, director, welcomed the participants. A visit of the 17 th century building
was organized and an aperitif with Champagne was offered.



The gala diner was held on the river Seine, on board of the Bel Arni, on Thursday May
1i th at 20:00 till 23:30.



ORGANIZATION

The Observatoire de Paris, the Universite Pierre et Marie Curie, Supelec and the
laboratoire AstroParticule et Cosmologie organized the 17 th International Symposium
on Space Terahertz Technology, ISSTT 2006, at the Institut Ocdanographique, in the
historical center of Paris, on May 10-12, 2006.

The 2006 edition of the ISSTT was patronized by Prof. Pierre Encrenaz and
Dr. Jean-Michel Lamarre.

For the review of the abstracts, we would like to thanks the international review
committee:

Prof. Thomas Crowe Dr. Gregory Goltsman Dr. Harald Merkel
Dr. Heribert Eisele Dr. Karl Jacobs Dr. Michel F'iat
Prof. Neal Erickson Dr. Anthony Kerr Prof. Anfti Rdisanen
Dr. Jian-Rong Gao Dr. Imran Mehdi Dr. Edward Tong

The program of the conference had been arranged by the local scientific committee:

Dr Alain Maestrini (chair)
Prof. Georges Alquie Dr. Yan Delorme Prof. Alain Kreisler
Dr. Gerard Beaudin Dr. Yannick Giraud-Heraud Dr. Francois Pajot
Dr. Annick Degardin Dr. Bruno Guillet Dr. Michel Piat

Local organizing committee at the Observatoire de Paris:

Dr. Gerard Beaudin (chair)
Michêle Ba-Trung
Nicole Delhaye
Dr. Yan Delorme
Dr. Andre Deschamps

Alain Germont
Dr. Bruno Guillet
Patrice Landry
Marie-Claude Lemonnier

Chantal Levivier
Dr. Alain Maestrini
Djilali Zidani

with the help of Dr. Annick Degardin and Prof. Alain Kreisler, Supelec.

The edition of proceedings of the ISSTT 2006 was arranged by Dr. Alain Maestrini at
the Observatoire de Paris.
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PAPERS

We accepted one hundred and two (102) abstracts. Forty-nine (49) were accepted for
oral presentation while fifty-three (53) were accepted for poster presentation. For this
edition of the ISSTT we had two posters sessions that were introduced by two thirty-
minute oral presentations. We also had four (4) invited presentations.

SIS and HEB mixer papers represent about 40% of the total number. This underlines
the importance of heterodyne detection for radio-astronomy in times where direct
detection in the far-infrared makes tremendous progress toward building multi-
thousand pixel cameras. New or upcoming ground-based telescopes like ALMA or
APEX will use heterodyne receivers up to 950GHz and will require SIS mixers or
small arrays of SIS mixers. Several authors presented their work on this type of mixer
with an emphasis on side-band separation. In addition, two years before the launch of
Herschel, several flight mixers for HIFI were presented. Research on HEB mixers is
also a very active field, well represented at the ISSTT, due to the potential of HEB to
work at THz frequencies with low noise. Several authors presented their work on THz
waveguide HEB mixers or quasi-optical HEB mixers using NbN, NbTiN or MgB2
thin films. The IF bandwidth of HEB mixers is still limited compared to other types of
mixers like SIS or Schottky mixers and is the subject of several papers presented at
the ISSTT.

Direct detection was well represented at the ISSTT 2006 with a dedicated oral session
and a total of 11 papers including posters. Papers on single photon detectors for the
far or mid-infrared and papers on instruments and technologies dedicated to CMB
science were presented.

There was a relatively small number of papers on sources, 16 in total. QCLs are the
subject of an increasing interest for THz local oscillators since their performances
improve at a rapid pace. Photo-mixers now provide enough power for pumping SIS
mixers at millimeter wavelengths. These two technologies were well represented at
the ISSTT 2006. On the contrary, traditional fundamental sources like Gunn diodes or
sources based on frequency multiplication were less represented at the ISSTT 2006
than in previous editions.

Several papers on novel devices and technologies like carbon-nanotubes detectors,
non-linear metamaterials or MEMs were presented at the conference and a short oral
session was dedicated to them. Schottky mixers, correlators, submillimeter-wave
heterodyne cameras, THz heterodyne instruments, measurements of the dielectric
constant of materials at submillimeter-wavelengths,... were the subject of an
important number of papers, 27 in total, classified in the categories "devices,
receivers, imagers and spectroscopy". Several of them could also have been presented
in other categories.
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The number of papers per category is the following:

• SIS papers : 12 oral presentations + 9 posters
HEB papers : 9 oral presentations -I- 12 posters
Direct detection : 8 oral presentations + 3 posters
Sources : 6 oral presentations + 10 posters

• Novel devices & technologies for THZ : 5 oral presentations + 1 poster
• Devices, receivers, imagers and spectroscopy : 9 oral presentations + 18

posters
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DETAILED SCIENTIFIC PROGRAM
(Only the presenting author is indicated)

Wednesday 10 May 2006

09:00-09:30 Conference Opening by Prof. Pierre Encrenaz.

09:30-10:15 Invited Speakers Session. Chairperson: Dr. Gerard Beaudin

Dr. JIVi Lamarre, Observatoire de Paris, LERMA, The HFI instrument for Planck"

Dr. Ulf Klein, ESA, ESTEC, "Future Satellite Earth Observation Requirements and Technology in
Millimetre and Sub-Millimetre Wavelength Region"

10:45-12:00 Oral session n°1: "SIS 1".
Chairpersons: Dr. Jian-Rong Gao & Dr. Karl Jacobs

WE1-1 Kerr: "A Superconducting 180
0
 IF Hybrid for balanced SIS Mixers"

WE1-2 Tong: "Theory of Series-Connected Distributed SIS Mixers with Ultra-wide Instantaneous
Bandwidth"

WE1-3 Justen: "RF and IF couplers for a sideband separating SIS waveguide mixer for 345 GUlz
focal plane array"

WE1-4 Mena: "Side-band-separating heterodyne mixer for band 9 of ALMA"
WE1-5 Karpov: "1.4 THz SIS mixer development for radio astronomy"

12:00-12:30 Poster session n°1 presentation by Dr. Jian-Rong Gao

14:00-15:30 Poster session n°1

P1-01 Banik: "V02 TES as Room Temperature THz Detectors"
P1-02 Camus: "Design of coplanar stripline duplexer for two-band bolometric detection

integrated in large arrays of bolometers"
P1-03 Karasik:"A Phonon-Cooled Nb Direct Detector for SubMM Imaging and Spectroscopy"
P1-04 Shi: "Characterization of the Performance of a Quasi-Optical NbN Superconducting Hot-

Electron Bolometer mixer"
P1-05 Gao: "Direct comparison of sensitivity between a spiral and a twin-slot HEB mixer

at 1.6 THz"
P1-06 Hedden: "Characterization of Diffusion-Cooled Hot Electron Bolometers for Heterodyne

Array Receiver Applications"
P1-07 Drakinskiy: "Gain bandwidth of THz NbN Hot Electron Bolometer Superconducting

Mixers on thin SiO2 /SiNx membrane"
P1-08 Drakinskiy: "16 Pixel HEB Heterodyne Receiver for 2.5 THz"
P1-09 Dauplay: "Unexpected Frequency Shift on Membrane Based Double-Slot and Double-

Dipole HEB Receivers"
P1-10 Semenov: "Does the Bandwidth of a Hot Electron Bolometer depends on the Local

Oscillator Frequency"
P1-11 Rodrigues-Morales: "Optimal Coupling of NbN HEB THz Mixers to Cryogenic HEMT IF

Low-Noise Amplifiers"
P1-12 Baselmans: "Influence of the direct response on the heterodyne sensivity of hot electron

bolometer mixers"
P1-13 Merkel: "Quantum Noise in Hot Electron Bolometers"
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P1-14 Scherer: "Physics of ultra-thin NbN films for phonon-cooled Hot-Electron-Bolometers"
P1-15 Kreisler: "Fabrication and characterization of ultrathin PBCO/YBCO/PBCO constrictions

for further application as hot electron bolometer terahertz mixers"
P1-16 de Lange: The Band 3 and 4 Flight Model mixer units for HIFI"
P1-17 Baryshev: "Design and development of a 600-720 GHz receiver for ALMA Band 9"
P1-18 Shitov: "Development of balanced mixers for ALMA Band 10
P1-19 Grimes: "Analysis of subharrnonic SIS mixers using SuperMix"
P1-20 Teipen: "Analysis of the influence of Current Density Jc and DC Quality Q on Mixer

Performance around 700 GHz for more than 50 measured SIS-Mixers"
P1-21 Navarrini: "Test of 1 mm Band Turnstile Junction Waveguide Orthomode Transducer
P1-22 Gulevich: "Generation of THz radiation with the use of Vortices located in Jefferson ring"
P1-23 Febvre: "Ultrafast superconducting digital circuits and Interfaces for analysis and

processing of microwave electrical signals"
P1-24 Boussaha: "Study of Josephson Electrodynamics in Parallel Arrays of Superconductive

Junctions for Subrnm-Wave Local Oscillator Applications"

16:00-17:55 Oral session n°2: "Direct detection".
Chairpersons: Dr. Gregory Goltsman & Dr. Anders Skalare

Invited talk by Dr. Philip Mauskopf, University of Wales, Cardiff, UK, "Transition Edge
Superconducting detector arrays for a 40-200 gm spectrometer on the SPICA telescope"

WE2-1 Karasik: "Ultralow NEP in the Hot-Electron Titanium Nanobolometers"
WE2-2 Vystavkin: "To the sensitivity estimation of transition edge sensor bolometers for

submillimeter waveband radiation detection operating at super low temperatures"
WE2-3 Morozov: "Single photon counting detector for THz radioastronomy"
WE2-4 Matsuo: "Direct detection and interferometer technologies in terahertz range"
WE2-5 Audley: "Prototype Finline-coupled TES bolometers for CLOVER"
WE2-6 Pia: "Precise measurement of CMB polarisation from Dome-C: the BRAIN experiment"
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Thursday 11 May 2006

09:00-10:00 Oral session n°3: "Novel Devices & Technologies for THz' .
Chairpersons: Dr. Wojtek Knap & Dr. Peter Siegel

TH1-1 Yngvesson: "Microwave Detection and Mixing in Metallic Singe Wall Carbon Nanotubes
and Potential for a New Terahertz Detector"

TH1-2 Lee: "RF-to-Millimeter-wave Conductivity Spectra of Single Walled carbon Nanotubes"
TH1-3 Foulon: "Terahertz non linear metamaterial"
TH1-4 Schicke: "Niobium SupraMEMS for Reconfigurable Millimeter Wave Filters"

10:30-12:00 Oral session n°4: "SIS 2".
Chairpersons: Dr. Anthony Kerr & Dr. Karl Schuster

TH2-1 Vassilev: "A 211-275 GHz Sideband Separating SIS Mixer for APEX"
TH2-2 Heyminck: "The APEX 345GHz/460GHz 7-pixel heterodyne array"
TH2-3 1-luggard: "Focal Plane Heterodyne 515 Receiver Array with Photonic LO Injection"
TH2-4 Claude: "Performance of the Band 3 (84-116 GHz) receiver for ALMA"
TH2-5 Serizawa: "A 385-500 GHz Balanced Mixer with a Wave auide Quadrature Hybrid

Coupler"
TH2-6 Kamikura: "A 385-500 GHz Sideband-separating (2SB) SIS Mixer Based on a Waveguide

Split-Block Coupler"

12:00-12:30 Invited talk by Mrs. Nebes on Frequency Regulation and Management
introduced by Dr. Andre Deschamps

14:00-16:00 Oral session n°5: "HEB".
Chairpersons: Dr. Boris Karasik & Dr. Edward Tong

TH3-1 Goltsman: "Spiral antenna coupled and directly coupled HEB mixers at frequencies
from 1 to 70 THz"

TH3-2 Skalare: "An HEB cross-bar balanced mixer at 1.5 THz"
TH3-3 Jacobs: "1.9 THz and 1.4 THz waveguide mixers with NbTiN HEBs on Silicon Nitride

Membranes"
TH3-4 Kooi: "IF Impedance and Mixer Gain of Hot Electron Bolometers and the Perrin-Vanneste

Two Temperature Model"
TH3-5 Kuzmin: "Ultimate Cold-Electron Bolometer with SiN Tunnel Junction and

Andreev Contact"
TH3-6 Gao: "Can NbN films on 3C-SiC/Si change the IF bandwidth of hot electron

bolometer mixers ?"
TH3-7 Cherednichenko: "MgB2 thin film terahertz mixers"
TH3-8 Merkel: "Aging of Hot Electron Bolometers"

16:30-18:00 Oral session n°6: "Sources".
Chairpersons: Dr. Thomas Crowe & Dr. Didier Lippens

TH4-1 Hu: "Terahertz quantum-cascade lasers as local oscillators"
TH4-2 Hovenier: "Phase lock and free running linewidths of a two color THz quantum

cascade laser"
TH4-3 Kimberk: "A photonic Local Oscillator Module for Submillimeter Interferometry"
TH4-4 Eisele: "Performance Improvements in Low-Noise Oscillators and Power Combiners with

Harmonic-Mode InP Gunn Devices"
TH4-5 Truscott: "Injection locked self-oscillating mixers for terahertz focal plane arrays"
TH4-6 Hesler: "Multiplier Development for the Upper ALMA Local Oscillator Bands"
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Friday 12 May 2006

09:00-09:30 Poster session n°2 presentation by Dr. Heribert Eisele &
Dr. Imran Mehdi

09:30-10:30 Oral session n°7: "Devices, Receivers & Instruments".
Chairpersons: Dr. Heribert Eisele & Dr. Imran Mehdi

FR1-1 Schlecht: "A Novel 520 to 600 GHz Subharmonic 13iasable Mixer"
FR1-2 Chattopadhyay: "TIP : A Terahertz Interferometer for Planets - A Concept Study"
FR1-3 Erickson: "A very Wideband Analog Autocorrelation Spectrometer"
FR1-4 Withington: "A Modal and Quantum StatisticalAnalysis of Imaging Phased Arrays and

Interferometric Phased Arrays"

11:00-12:30 Poster session n°2

P2-01 Thomas: "A broadband fixed-tuned 380 GHz Schottky-based subharmonic mixer"
P2-02 Rollin: "A Low Noise Integrated Sub-Harmonic Mixer at 183GHz"
P2-03 Siles: "Design of a 400 GHz Schotty Mixer for Hign Performance Operation"
P2-04 Sites: "Design of Heterostructure Barrier Varactor Frequency Multipliers at

Millimeter-wave Bands"
P2-05 Maestrini: "A High efficiency Multiple-Anode 260-340 GHz Frequency Tripler"
P2-06 Truscott: "A Design Methodology for Planar Triplers in Coplanar Waveguide on Thick

Membranes"
P2-07 Paveliev: "Experimental study of the harmonic generators and detectors, based on

superlattices in wide frequency range 600-2200GHz"
P2-08 El Fatimy: "Resonant terahertz detection in InGaAs/AlInAs and AlGaN/GaN - based

nanometric transistors"
P2-09 Chimot: "Terahertz emission and detection from ion-irradiated In0.53 Ga0.47As gated

at 1.55 1.trn"
P2-10 Pavlov: "Spectral Characterization of a 2.5 THz Multi-Mode Quantum Cascade Laser"
P2-11 Puetz: "Micromachined Spatial Filters for Quantum Cascade Lasers"
P2-12 Dhillon: "Phase matched frequency mixing between telecom wavelengths and Tliz

radiation in a quantum cascade laser"
P2-13 Torres: "Analysis of the stable two-mode operation of a 4-sections semiconductor laser

for TI-[z generation by photomixing"
P2-14 Tignon: "THz generation by optical rectification and competition with other

nonlinear processes"
P2-15 Saeedkia: "Theory and Design of an Edge-coupled Terahertz Photomixer Source"
P2-16 Banik: "Catadioptric Microlenses for Submillimeter and Terahertz Applications"
P2-17 Martin: "CFRP Mirror Technology for Submillimeter and Shorter Wavelengths"
P2-18 Martin: "CFRP Structures for Astronomy Applications"
P2-19 Schuster: "Micro-machined Planar THz Optics"
P2-20 Murk: "Characterization of Micromachined Waveguide Hybrids at 345 GHz and 600 GHz"
P2-21 Ward: "New Standards for Submillimeter Waveguides"
P2-22 Hunter: "Quasi-Optical Faraday Rotator Design, Construction and Evaluation"
P2-23 Candotti: "Cross-polarization characterization of GORE-TEX at ALMA

band 9 frequencies"
P2-24 North: "Rigorous Analysis of Antipodal Finline Tapers for High Performance Millimetre

and Sub-millimetre Detectors"
P2-25 Emrich: "Spectrometers for (sub)mm radiometer applications"
P2-26 Pardo: "Atmospheric opacity above 1 THz: evaluation for the Alma site and for laboratory

developments"
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P2-27 Constantin: "Terahertz frequency metrology and sensitivity issues in photomixer
spectrometer"

P2-28 NystrOm: "A Vector Beam Measurement System for 211-275 GHz"
P2-29 Stacey: "Detection of the 205 um [NW Line from the Carina Nebula"

14:00-15:00 Oral session 11
0
8: "Superconductors for Imagers & Detectors".

Chairpersons: Dr. Netty Honish & Dr. Jacob KooT

FR2-1 Baselmans: "Development of high-Q superconducting resonators for use as kinetic
inductance detectors"

FR2-2 Liu: "Development of a 585 GHz One Dimensional Diffusion Cooled Nb HEB Mixer
Imaging Array Based on the Reverse Microscope Concept"

FR2-3 Gu: "A Two Dimensional Terahertz Imaging System Using Hot Electron Bolometer
Technology"

FR2-4 Groppi: "SuperCam : A 64 pixel superheterodyne camera"

15:15-16:45 Oral session n°9: "THz Spectroscopy & spectrometers".
Chairpersons: Dr. Neal Erickson & Dr. Wolfgang Wild

FR3-1 Constantin: "High resolution terahertz spectroscopy of species of astrophysical interest"
FR3-2 Goy: "Quasi-Optical Characterization of Dielectric and Ferrite Materials"
FR3-3 Yagoubov: "550-650 GHz spectrometer development for TELIS"
FR3-4 Wiedner: "Condor-an Astronomical Heterodyne Receiver at 1.25 - 1.5 THz"
FR3-5 Huebers: "High resolution spectroscopy with a quantum cascade laser at 2.5 THz"
FR3-6 Hajenius: "Heterodyne receiver based on hot electron bolometer and quantum cascade

laser for detection of the OH line at 3.5 THz"

16:45-17:00 Closing of the conference by Dr. Alain Maestrini
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INVITED SESSION

Wednesday 10 May 9.30-10:15

Chaired by •

Dr. Gerard Beaudin

Dr. J1VI Lamarre, Observatoire de Paris, LERMA,

The HFI instrument for Planck

Dr. Ulf Klein, ESA, ESTEC,

Future Satellite Earth Observation Requirements
and Technology in Millimetre and Sub-Millimetre
Wavelength Region
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Future Satellite Earth Observation Requirements and Technology in Millimetre
and Sub-Millimetre Wavelength Region

Ulf Klein Chung-Chi Lin, Joerg Langen, Peter de Maagt and Roland Meynart

European Space Agency (ESTEC)
PO Box 299, NL-2200 AG Noordwqk, The Netherlands

Email: Ulf:Klein@esa.int

Abstract
Satellite observation of Earth's atmosphere in the millimetre and sub-millimetre wavelength region is complementary to those in the
visible and infrared spectral region. The emission and opacity of the atmosphere, and scattering by ice particles are all exploited for
sensing various layers of the atmosphere in terms of water vapour content, temperature, molecular composition, precipitating water
and ice content. Future observation requirements for limb sounding, ice cloud imaging/sounding and meteorological observations are
summarized, and corresponding instrument/system concepts meeting those requirements are described.

Keywords: Atmospheric measurements, millimetre wave and sub-millimetre wave radiometry, Earth observation, meteorology,
satellite remote sensing

1.INTRODUCTION

Satellite observation of the Earth's atmosphere in the millimetre and sub -millimetre (mm/sub -mm) wavelength region is
complementary to those in the visible and infrared (IR) spectral region. The emission and opacity of the atmosphere,
and scattering by ice particles are all exploited for sensing various layers of the atmosphere in terms of water vapour
content, temperature, molecular composition, precipitating water and ice content.

Limb sounding of the atmosphere enables observation of molecular composition with high vertical resolution, which is
required for understanding the global exchange and chemical processes in vertical, and the transport in horizontal
direction. The exchange processes in the upper troposphere and lower stratosphere, including the formation of ice
clouds, are the least well understood area of the global atmospheric circulation and mixing. The next generation of
limb sounders shall focus its observation in this atmospheric region in terms of water vapour, temperature, aerosols, ice
clouds and key minor molecular components.

Observation of ice clouds in the mm/sub-mm is complementary to IR observations, and exploits their scattering
property which modulates the upwelling background water vapour signature. Due to the longer wavelength as
compared to the latter, the signal is more sensitive to larger ice particles and to those at lower atmospheric layers.
Global distribution of ice clouds and their role on the Earth's radiative properties are two of the major uncertainties in
predicting the future climate evolution. Existing general circulation models are known to fail in correctly predicting the
quantity of ice in the atmosphere. Thus, global and continued observation of ice clouds represents a high priority for
future satellite missions.

For meteorological applications, the definite advantage of the mm/sub-mm is its potential to provide observations under
cloudy conditions. For the numerical weather prediction, the observation can be performed from low Earth orbit,
whereas for nowcasting applications, high temporal resolution (e.g. 15 min.) observation from geostationary Earth orbit
(36000 km) would be required. The latter applications call for a very large sensor aperture, which needs to image the
Earth with a sufficient spatial resolution.

2. LIMB SOUNDING OF UPPER TROPOSPHERE AND LOWER STRATOSPHERE

The Atmospheric Composition and Upper Troposphere/Lower Stratosphere Exchange Processes mission (ACECHEM)
[1], proposed as an Earth Explorer Core candidate in 2000, was studied at pre-phase A level. A further study [2] to
consolidate the observation requirements confirmed the instrument complement of ACECHEM: a set of mm/sub-mm-
wave and IR limb sounders with high vertical resolution, combined with the IR nadir observation by MetOp (IASI).
For further consolidation of the mission objectives and demonstration of its capabilities, an airborne demonstrator
MARSCHALS to be flown on the Russian Geophysica aircraft as shown in Fig. 1, has been developed at Rutherford
Appleton Laboratory [3]. The principal and most innovative objective of MARSCHALS is to simulate the capability

23



Fig. 2. ADMIRALS full-sized antenna breadboard (2200 mm
x 800 mm)

Fig. 3. Measured antenna beam-pattern at 322 GHz

17th International Symposium on Space Terahertz Technology INVITED-Klein

Fig. I. MARSCHALS instrument mounted in the nose of
Geophysica aircraft

of MASTER, a mm-wave limb-sounder payload of
ACECHEM, for sounding 03, H20 and CO at high vertical
resolution in the upper troposphere/lower stratosphere
(UT/LS) at bands around 300, 325 and 345 GHz. Spectra are
recorded in these bands with a resolution of 200 MHz.
MARSCHALS is the first limb-sounder to be explicitly
designed and built for the purpose of sounding the
composition of the UT/LS. A particular attribute of mm-wave
measurements is their comparative insensitivity to ice clouds.
However, to assess the impact on the measurements of cirrus
in the UT, MARSCHALS also has a near-IR digital video
camera aligned in azimuth with the 235 mm mm-wave
antenna. In addition to the capability to be fitted within an
aircraft, MARSCHALS can also be flown on a stratospheric
balloon platform when fitted with a 400 mm antenna.

Several hardware developments have been carried out for
demonstrating the antenna performance for a "MASTER"-
like instrument. The five-channel (203 — 503 GHz) quasi-
optical demuliplexer had been breadboarded previously [4],
and an aluminium full-sized reflector breadboard was manufactured by HTS in Switzerland. The complete breadboard
assembly was then tested at the EADS Astrium Ottobrunn facilities. Fig. 2 shows the ADMIRALS antenna with the
Quasi-optical feedbox mounted behind the main reflector, and Fig. 3 the measured beam-pattern at 322 GHz.

3. SUB-MILLIMETRE WAVE OBSERVATION OF ICE CLOUDS

CIWSIR was proposed in 2001 as an Earth Explorer Opportunity mission [5]. It is aimed at observing distribution of ice
clouds, quantifying the total ice content in the atmosphere, and understanding their impact on the Earth's climate. The
proposed instrument is a 5-channel, conical scanning sub-mm-wave radiometer (see Fig. 4) on a low Earth orbit satellite
including channels at 183, 325, 448, 683 and 874 GHz. Two separate antennas are used for the high and the low
frequency channels, respectively, providing a footprint of 10 km at all frequencies.

At this point, activities are being fmalised to improve the theoretical basis for a CIWSIR type mission such as the
refinement of radiative transfer models for accurate scattering calculations by ice clouds at sub-mm-wave frequencies.
The latest model features [6]:

- Polarised radiative transfer
- Spherical geometry
- Many different crystal shapes, sizes & orientations
- All particle mixtures and profiles
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Fig. 5. AMSU type cross-track scanner

17th International Symposium on Space Terahertz Technology INVITED-Klein

Fig. 4. CIWSIR conically scanning instrument concept consisting of separate mm- and sub-mm-wave antennas

In addition, an activity to consolidate the mission and instrument requirements for such a mission has been started. A
near future activity foresees a development of an airborne demonstrator in order to gather experimental data. The
technology for the 874 GHz room temperature receiver is seen as critical and would require an early development.

4. METEOROLOGICAL OBSERVATIONS FOR NUMERICAL WEATHER PREDICTION

In cooperation with EUMETSAT, the preparation for the next generation polar orbiting meteorological satellite mission
(post-EPS) has been initiated in 2005, with a projected start of services in 2018. The system shall provide all-weather
observation of temperature and water vapour profiles, as well as of precipitation and ocean surface wind for numerical
weather prediction. The future MW sounder and imager shall provide better spatial and temporal resolution, better
coverage and higher radiometric quality than the current instruments on-board the upcoming MetOp satellites. A
number of candidate concepts have been developed. Among these are AMSU type cross-track scanners as shown in Fig.
5, including higher frequency channels up to 229 GHz, and conically scanning instruments reaching up to sub-mm-
wave frequencies [7]. The cross-track scanner has an antenna aperture of 360 mm, resulting in a spatial resolution of 40
km at the sub-satellite point at 23 GHz. It is a compact instrument (1245 mm x 625 mm x 740 mm), which combines
the capability of AMSU-A and AMSU-B with better radiometric sensitivity.

Fig. 6. Combined imaging/sounding radiometer with push-broom receivers at
54 GHz sounding band — Feed cluster shown separately on the left with 7
parallel dual-polarisation horns (the central horn is 54/118 GHz dual-frequency)
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A combined imaging/sounding instrument is shown in Fig. 6, which makes use of push-broom technique with 7 parallel
dual-polarisation horns in the 54 GHz sounding band, resulting in 14 parallel receivers, for achieving a very high
radiometric sensitivity. For accommodating a large number of channels, two reflectors (700 and 360 mm diameter) are
used to separate the low and high frequency feed clusters. The sounder/imager concepts were developed at pre-phase A
level instrument studies.

As a part of early technology developments, a long-life scan mechanism, 54/118 Gliz dual-frequency horn and 89 GHz
direct-detection receiver are objects of breadboarding at this stage. 10 years in-orbit life is aimed for a conically
scanning radiometer such as the one depicted in Fig. 6, which represents a challenging requirement. Fig. 7 shows the
design of a 89 GI-1z direct-detection receiver frontend. A more compact, mass-efficient receiver can be built as no local
oscillator is required for down-conversion. The low noise amplifier MMIC was processed at Fraunhofer Institute in
Germany, and the frontend block was integrated at EADS-Astrium SAS, and is undergoing a detailed characterisation
test.

5. NOWCASTING OBSERVATIONS

Millimetre and sub-mm-wave imager/sounders are considered for future meteorological and climate observation
satellites. In coordination with the EUMETSAT's Meteosat Third Generation (MTG) preparatory activities, ESA is
conducting studies of future microwave imager/sounder in geostationary (GEO) and medium Earth orbits (MEO) [8].
The primary advantage of a GEO orbit for remote sensing, compared with a Low-Earth (LEO) orbit, is that continuous
monitoring is possible over a large area of the Earth's surface and atmosphere. This is desirable for the observation of
rapidly evolving meteorological phenomena such as convective systems, precipitation and cloud patterns, enabling
nowcasting.

The principal emphases in all of the concepts are the observations of precipitation, ice clouds, atmospheric motion
vectors and temperature and humidity sounding with high temporal resolution (15 — 30 min.) and a horizontal resolution
of better than 10 km. The proposed frequencies range from 54 to 875 GHz, out of which the bands around 54GHz,
118GHz, 183GHz, 380GHz have the highest user priority followed by the corresponding window channels 110GHz,
150GHz, 340GHz and, finally 424GHz, 683GHz, 875GHz.

The main technical challenges are the very large antenna aperture for achieving the required spatial resolution (40 folds
increase in the distance to the Earth as compared to the LEO) and the necessity for imaging using two-dimensional
scanning due to the absence of a relative spacecraft-Earth movement. Furthermore, other challenges are the wide
frequency and the optimisation among radiometric accuracy, geographical coverage and repeat cycle. Fig. 8 shows a
imager/sounder concept based on the use of a 4 m diameter reflector antenna.

A two-dimensional mechanical scanning of the reflector is limited within an area of 5000 km x 5000 km centered on
Europe every 15 min. This limitation is a result of the trade-off among temporal sampling, radiometric sensitivity and
coverage, and it takes into account of achievable reflector acceleration during the scan.

Fig. 7. 89 GHz direct-detection receiver frontend in split-block technique
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Fig. 8. GEO imager/sounder concept based on 4 m diameter mechanically scanned reflector

An alternative to the GEO concept is the use of an elliptical MEO such as 8 hours Molniya orbit with apogee at 27000
km altitude [9]. It has a repeat cycle of 24 hours and enables observation of successively Europe, North America and
South-East Asia, each with 6 hours imaging period. Fig. 9 shows the satellite path over such a 24 hours period and
demonstrates an optimum observation geometry (low incidence angle) for the northern hemisphere. Due to the lower
altitude of the apogee with respect to the GEO, a smaller antenna can be used for a same spatial resolution, hence easing
the design of the scan mechanism. From the technology point of view, radiation shielding, precise orbit analysis, scan
pattern and scan mechanism are issues to be investigated in detail. For ensuring a 24 hour coverage, a total of 4
satellites would be required.

Fig. 9. MEO imager/sounder in 8-hour Molniya orbit - Satellite path over 24 hours period
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The technological challenge represented by such instruments is now addressed by an ambitious demonstrator
programme. Two competing concepts were investigated: a conventional, large scanning reflector antenna concept and
an interferometric aperture synthesis concept. The interferometric concept showed most potential to meet the required
spatial resolution from geostationary orbit, and was thus selected for a concept demonstration. In this concept,
approximately 500 receivers in total are distributed to form an effective aperture of 8 m diameter. The instrument
covers the highest priority frequency bands as indicated above.

6. CONCLUSION

A review of possible instrument concepts for future satellite missions in mm and sub-mm-wave spectral region was
presented. For each of the application areas, the corresponding observation requirements lead to a specific radiometer
design. The general trend for the future is marked by a better radiometric sensitivity and accuracy, higher spatial
resolution and higher number of channels for enabling better observation quality. Very low noise receivers are required
with compact volume and light weight. Receiver backends must offer high number of channels with sharp frequency
cut-offs. The antenna size needs to be increased with very high mechanical stability and thermal properties, and it must
be at the same time light weight. For applications requiring very large aperture, the new interferometric concept will
compete against the classical reflector-based instruments. Nevertheless, such a concept still requires substantial
developments in the areas of miniature frontend design, local oscillator signal generation and distribution, stable IF-
signal transmission over long distances, receiver calibrations, very large number of signal-correlators, etc. A dedicated
technology development has recently been started by ESA.
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Theory of Series-Connected Distributed SIS
Mixers with Ultra-Wide Instantaneous

Bandwidth

C.-Y. Edward Tong, Raymond Blundell

Abstract— Series-connected distributed lumped element SIS
mixers have emerged as a new generation of sensitive heterodyne
submillimeter detectors which offer very wide instantaneous
bandwidth. A formalism based on the transmission (ABC D)
matrix is introduced to facilitate the simulation of this type of
mixer with the Quantum 'Theory of Mixing. The simulations
confirm that the IF bandwidth is very wide, up to at least 40
(,Hz. This agrees with our laboratory measurements in which
good Y-factors are measured up to IF in excess of 20 (Hz.

Index Terms—Superconductor-insulator-superconductor
mixers, distributed mixing, intermediate frequency bandwidth,
submillimeter waves.

I. INTRODUCTION

S
ERIES-CONNECTED SIS arrays offer many advantages

over single SIS device or parallel connected SIS junctions.
Such mixer arrays have higher input compression level and
higher input impedance in addition to lower IF capacitance.
However, at higher frequencies, the current flowing in the
individual junctions of a series array may be of different
phase. This presents a challenge to the design of an SIS mixer
using series-connected array.

Recently, a compact mixer design based on a distributed 4-
junction series array has successfully been implemented in the
400 GHz frequency range [1]. This mixer has demonstrated an
exceptional wide Intermediate Frequency (IF) bandwidth of
up to 20 GHz. In this paper, we describe how this novel mixer
design can be modeled using the Quantum Theory of Mixing
[2]. In particular, a formalism using an expanded transmission
(ABCD) matrix is introduced so that the circuit response at
each sideband can correctly be modeled, and the phase
relation between the RF voltages and currents are preserved.

This mixer may also be simulated by the Supermix software
[3, 4], which use a scattering matrix approach. The advantage
of using the transmission matrix is that we can tie the circuit
layout directly with the conversion matrix formalism in
classical [5] and quantum mixer theory.

Manuscript received May 10, 2006.
C.-Y. E. Tong and R. Blundell are with the Harvard-Smithsonian Center

for Astrophysics, 60 Garden St., Cambridge, MA 02138 USA. (e-mail:
eton g r,ir c fa .harvarci.edu, and rblundell(acfa.harvard.edu ).

II. MIXER LAYOUT

A photo of our novel mixer design is given in Fig. 1. Four
SIS junctions are located on islands on the center conductor of
coplanar waveguides. They are connected via short lengths of
high impedance coplanar waveguides and low impedance
microstrip sections. No impedance transformer is needed to
feed the junction array. The distributed array is fairly well
matched to a 35-ohm source impedance over a 20 — 25 %
bandwidth. A nominal design calls for the use of 0.85 gm x
0.85 gm junctions having a critical current density of around
13 kA/cm2.

Fig. 1 Photograph of the series-connected distributed SIS mixer. The
waveguide feed point is located on the right hand side of the photo. The 4
junctions are connected by sections of coplanar waveguide (CPW) and
microstrip (the two white crosses).

Fig. 2 Simplified schematic diagram of the S1S mixer circuit shown in Fig. 1.
The junctions, J1, J2, J3 and J4 are in series positions along the artificial
transmission line. The input to the circuit is to the right and the output after J4
is shorted.

A simplified schematic representation of the circuit is given
in Fig. 2. It can be seen that the circuit can be broken into
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cascaded blocks of circuit elements. The problem should be
well described by the transmission (ABCD) matrix formalism
in circuit theory.

III. LARGE SIGNAL ANALYSIS

Since the mixer under simulation works at around 400 GHz,
the second harmonic frequency lies above the energy gap of
Niobium. Furthermore, the individual series connected
junctions are not tuned in parallel. Any harmonic current
generated by the Local Oscillator (LO) drive is mostly shorted
by the geometrical capacitance. This is particularly true since
the coLoCR product of the junctions used is around 4. A three -
frequency approximation is therefore sufficient to solve for
the RF voltages impressed across the junctions by the LO.

LO Frequency (GM)
Fig. 3 Variation of the normalized LO voltage, a, as a function of the LO
frequency for the 4 junctions in the array. The upper graph shows the
amplitude of the voltages while the lower graph gives the phase relative to that
of junction 4. In this calculation a4 = 1.1 is used as the starting solution.

Starting from an assumed RF voltage at the last junction in
the array, we can derive the RF current flowing through the
neighboring junction. In this calculation, we assume that the
DC bias voltage across each junction equals 0.75 times the
gap voltage. By inverting the non-linear current voltage
relationship given by the Quantum Theory of Mixing, we can
solve successively for the RF voltages across the other
junctions in the array. The result of the large signal analysis is
presented in Fig. 3. For this calculation, we have assumed that

the normalized LO voltage across the last junction of the

array, a, = e V4 I h v 0 , is equal to 1.1. We note that at the

low end of the band, the amplitudes of voltages have similar
values but at the high end, the first junction experience the
least LO drive and the LO voltage is quite different in phase
compared to other junctions.

IV. EXPANDED TRANSMISSION MATRIX

Following standard mixer theory [2], we define the voltage
and current vectors at any point in the mixer circuit as

y --= ( v, vo v_1 ) 7' and i ...---- ( ii. io L 1 y respectively,_

where the subscripts 1, -1 and 0 denote the upper-side-band
(USB), lower-side-band (LSB) and the IF respectively. In
circuit theory, it is common to characterize a two-port network
by a transmission (ABCD) matrix. We generalize it for use in
our mixer simulation. The expanded transmission matrix of a
mixer circuit element relates the input voltage and current
vectors to the output voltage and current vectors of any two
port network within the mixer circuit as:

(Vi, A B \ (V01„
-,-. . - (1)

I . 	c Dj , o
I.2.1 j ut

where A, B, C and D are 3 x 3 matrices. For a passive section
of the mixer, the elements of the expanded transmission
matrix are simply diagonal matrices, the entries of which are
related to the individual elements of the single-frequency
transmission matrices Ti for i = 1, 0 and -1. Thus, in equation
(1), for X = A, B, C or D:

( X 1 0 0 1

x= 0 X0 0 (2)

0 X:,

1 A i B
and T =

It should be noted that all LSB entries are the conjugate of the
single frequency transmission matrix representation,
consistent with classical mixer theory.

Equation (1) embeds the circuit description for all the
sidcbands involved in the mixer simulation. In the case of the
series-connected mixer element, the expanded transmission
matrix that describes it would be

* ( (a)+Y V-0„,‘\

I out

(4)
where I is the identity matrix, 0 is the null matrix and Yi is
the diagonal matrix that gives the susceptance due to the
junction's geometrical capacitance at the three sideband
frequencies. 11(a) is the conversion admittance matrix given
by the Quantum Theory of Mixing for each individual
junction as a function of the normalized LO voltage, a,
derived in the large signal analysis. Since the LO voltages

(3)
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across the different junctions have different phases, the entries
of the conversion matrix have to be multiplied by phase
factors given in [5]. We have also used the low-IF assumption
in formulating the conversion matrices, without considering
the quantization effects at high IF. This approximation is valid
for IF less than FL0/10 [7]. Consequently, we limit the
maximum IF to be 40 GHz in our simulation.

The expanded transmission matrix formalism creates a
framework in which we can integrate passive transmission
line elements with mixing elements. This is a very powerful
tool for the simulation of the series-connected distributed
mixer. The formalism can easily be generalized to simulate S-
port mixers in which harmonic effects are important. In that
case, the entries to the expanded transmission matrix would be
5 x 5 matrices.

Once the RF voltages across individual junctions are solved
in the large-signal analysis, we can formulate the expanded
transmission matrix of the entire mixer circuit by matrix
multiplication. The final step is to apply the boundary

condition, which is Void = 0 for our mixer layout because one

side of the last junction is shorted to ground. Referring to
equation (1), we can see that the final conversion admittance
matrix of the mixer array is:

Y - D -B —1
final — final final (5)

By adding the appropriate embedding admittances to Yfinai,
the conversion loss of the mixer and the port impedances can
be solved.

V. NOISE ANALYSIS

The shot noise generated at each junction is transformed by
the entire mixer circuit before making its way to the mixer
ports. Assuming that the noise generated at each device is not
correlated with that generated at other devices, we can use the
theorem of superposition to sum the noise power delivered to
the IF port from the individual junctions, activating one
junction at a time.

Referring to Fig. 4, we assume that a noise current source,

</ jr>, is put across the junction j (j = 1, 2, 3 or 4 ). Note that
the noise current is also expressed in a vector form because it
has components at all three sidebands of interest. In order to
solve for the noise power delivered to the embedding

impedance due to <In>, we have to first calculate the
expanded transmission matrix of the network lying between
the source impedance and the device (marked "Front section"
in the figure) and that of the network lying beyond the
junction (marked "Back section"). Once the expanded
transmission matrices for the front and back sections are
established, we can solve for the noise impedance matrix that
relates the noise voltage induced across the embedding

impedance, <V nei> to <Ini>:

<Vne > = Zn i < In > (6)

-anj >

lout

End
14nt Section

Junction
J

Fig. 4 A schematic representation of the mixer circuitry seen by the shot noise
source associated with Junction j ( j = 1, 2, 3 or 4 ). The SIS element is
modeled by a capacitance matrix in parallel to its conversion matrix P T cl.

The total mean-squared noise voltage delivered to the IF
terminal is the sum of the contributions from all four
junctions. The algebraic expression is:

4 1 1

=< V 2 > E (Zn .)*
0 „k 0 ,k i 	k ,kt (7)

j=1 k=-1.

In the above equation Hi is the current correlation matrix
given by the Quantum Theory of Mixing. Knowing the single-
side-band conversion gain of the mixer, LssB, one can establish
the single-side-band noise temperature of the mixer due to
shot noise effects:

kBTssB =LssB Re(Ye(q )) <FN > (8)

Where kB is the Boltzmann constant and Ye(04 is the
embedding admittance at the IF. For double-side-band noise
temperature, the average value of the sum of the conversion
losses in both side-bands is used.

VI. SIMULATION RESULTS

We first performed a simulation of the mixer performance
at a fixed IF of 5 GHz. It is found that the conversion loss of
the mixer is relatively insensitive to LO drive when the
normalized LO voltage across junction 4 reaches a value of
1.1. Referring to Fig. 5, the conversion losses of the mixer for
both sidebands are quite flat from 320 to 420 GHz. This
represents a bandwidth of about 25%, comparable to
transformer-matched SIS mixer.

Then, we fix the LO frequency to the middle of the band, at
370 GHz. But we vary the IF from 2 Gliz to 40 GHz. The
results are plotted in Fig. 6. The calculated conversion loss of
the mixer only drops by about 1 dB over this IF range.
Clearly, the simulation demonstrates that our series-connected
distributed mixer design offers an ultra wide IF bandwidth.
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noise temperature of this class of mixer lies also below the
quantum limit.

requeney ((;Hz)
Fig. 5 Single-side-band Conversion Gain of the SIS mixer as a function of
LO frequency. The IF is at 5 Gliz. We also assume that a 4 = 1.1 and the bias
voltage to be 0.75 Vgap.
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Intermediate Frequency (G1-10

Fig 6 Single-side-band conversion gain of the receiver as a function of the IF
for an LO frequency of 370 GHz.

The double-side-band mixer noise temperature is also
simulated. The result is plotted in Fig. 7. We can see that for a
mixer with a low leakage current, the mixer noise temperature
stays below the quantum limit ( hv/k — 18 K at 370 GHz). The
results of simulation agree with noise temperature measured in
the lab. Preliminary measurements at an LO of 355 GHz have
yielded double-side-band receiver noise temperatures below
80 K for IF between 15 and 20 GHz. We are currently
working on the improvement of the IF circuitry to increase the
bandwidth of measurement.

VII. CONCLUSION

A three-frequency expanded transmission matrix has been
introduced to facilitate the modeling of the series-connected
SIS junction array. This formalism offers a unified description
of the frequency mixing action of the SIS and the passive
transmission networks linking these series-connected devices,
at all the three frequencies under consideration (signal, image
and IF). Our simulation confirms that the series-connected
distributed SIS mixer possesses a flat RF response over a 25%
bandwidth, and at the same time offerin g an exceptionally
wide instantaneous bandwidth of up to 40 GHz. The intrinsic

Intermediate Frequency WHO
Fig. 7 Double-side-band mixer noise temperature of the SIS mixer as a
function of IF for an LO frequency of 370 GHz.
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RF and IF couplers for a sideband separating SIS waveguide mixer for a
345 GHz focal plane array
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We present recent developments of a sideband separating SIS mixer at 345GHz. Special
emphasis is placed on the critical design of the RF- and the IF-hybrids.
Two similar waveguide RF couplers designed for a bandwidth from 330-370 GHz are fabricated
on two CNC lathes with different precision. Both couplers show adequate performance. The
couplers are compared by accurate phase and amplitude measurements at the operating frequency
with an ABmm vector network analyzer.
The IF signal of the two SIS junctions is recombined by a 900 -3dB hybrid. A nonuniform
transmission line directional coupler has been specially designed for operation at cryogenic
temperatures and integration into the mixer units. The coupling accuracy is +/-1dB over a very
broad bandwidth from 1.5 to 8 GHz. Both the RF and IF hybrids are completely fabricated in
house and can be easily adapted to the requirements of a focal plane array receiver.

The IF hybrid with nonuniform stripline structure.
Two RT/duroid6002 substrates separated by
12,um Mylar foil.
Structure size: 77.6 x 14.6 mm2

One half of a 345GHz branch line
waveguide coupler in milled in brass.
Coupling slit width: 109,um.
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Abstract— In this paper we will present the realization of a
side-band-separating (2SB) heterodyne mixer for the frequency
range from 602 to 720 GHz. This frequency range corresponds
to band 9 band of ALMA. The mixer, in brief, consists of a
quadrature hybrid, two LO injectors, two SIS junctions, and
three dumping loads. All the parts were modeled and optimized
prior construction. The fabricated SSB mixer exploits waveguide
technology and has been constructed in the split-block technique.
We used state-of-the-art CNC micromachining which permitted
to obtain details as small as 70 pm with tolerances of 2 pm.
Finally, we will present the performance of the SIS junctions that
will be used in the 25B mixer.

I. INTRODUCTION

Of the receiver bands that are currently being constructed
for the Atacama Large Millimeter Array (ALMA), only band
9, operating at the highest frequencies (602-720 GHz) uses
double side-band mixers. Despite of the well known ad-
vantages of a side-band-separating (2SB) mixer, it has not
been implemented in band 9 as the involved dimensions
are prohibitory small. However, the current state-of-the-art
micromachinning technology has proved that the complicated
structures necessary for this development are attainable [1],
[2]. We have already reported a complete design of a 2SB
mixer for band 9 together with a full simulation of the RF
components [1]. The purpose of this article is to present the
physical realization of such mixer including the corresponding
IF circuit. We also present the testing results of the SIS
junctions that will be used in the mixer. The results show a
good homogeneity which are desirable for a good performance
of the complete mixer.

II. 2SB MIXER BLOCK

Recently, we proposed a design for the 2SB mixer for
ALMA band 9 which is reproduced in Fig. la.[1] The idea
behind the design is to have a compact unit which will contain
all the main components: defluxing magnets, DC biasing
board, and the IF circuit filtering. The realization of such block
is presented in Fig. lb. It was obtained via state-of-the-art
CNC micromachining. In Fig 2 we show a detailed view of
the core of the mixer consisting of a quadrature hybrid, two
LO injectors, two SIS junctions, and three dumping loads. The

Fig. 1. (a) Proposed design of a 2SB mixer for ALMA band 9. (b)
Micromachinning realization of the mixer. (c) Mixer with the IF circuit board
and magnets.

quality of the finishing is excellent and meets the required
tolerances.[2]

III. IF CIRCUIT

For the 4 to 8 GHz IF circuit we have opted for the use of
parallel coupled suspended microstrip lines. This is a compact
unit containing the IF match, DC-break, bias tee, and EMI
filter. The advantage of such planar structure has already been
demonstrated and selected to be used in various astronomical
instruments (see, for example, Ref. [3]). The already mounted
circuit can be seen in Fig. 1. It has to be noted that, for this
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Fig. 2. (a) Detailed view of the RF components of the mixer. (b) LO injector.
(c) RF quadrature hybrid. (d) Room for the mixers.

filter to work, the ground plane directly underneath the filter
has to be removed. Previous to fabrication, the dimensions
were optimized for a good performance in the 4 to 8 GHz
frequency range. As an example of this results, in Fig. 3, we
show the transmission of this IF circuit.

Iv. JUNCTIONS

For the SIS junctions we selected the design that contains
both RF and IF matching. The exact layout is similar to the
one presented by Risacher et al. [4] and is shown in Fig. 4. The
chosen design was simulated [5] and its dimensions optimized
for a maximum transmission and minimum reflection between
ports 1 and 2 (see Fig. 4). We compared both a hammer
type and a rectangular choke structure. The best reflection and
transmission for both configurations are shown in Fig. 4. Given
these results, a rectangular choke structure was fabricated.

The SIS devices were fabricated on a quartz substrate. First,
a Nb monitor layer is deposited, after which an optically
defined ground plane pattern of Nb/Al/A10x/Nb is lifted off.
Junctions are defined by e-beam lithography in a negative e-
beam resist layer and etched out with a SF6/02 reactive ion
etch (RIE) using AlOx as a stopping layer. The junction resist
pattern is subsequently used as a lift off mask for a dielectric
layer of Si02. A Nb/Au top layer is deposited and Au is etched
with a wet etch in a KI/I2 solution using an optically defined
mask. Finally, using an e-beam defined top wire mask pattern,
the layer of Nb is etched with a SF6/02 RIE, finishing the

600 640 680 720

f (GHz)

Fig. 4. (a) SIS design with a rectangular choke structure. The figure also
shows the cavity were the junction will be placed. (b) SIS design with a
hammer type choke. (c) Results of the simulations for the two types of choke
structures.

41



0.0002

No H-field
H-field

0.0000

-0.0002

17th International Symposium on Space Terahertz Technology WEI-4

-6 -3 0

V (mV)

Fig. 5. IV curves of 12 different junctions intended to be used in the 2S5
mixer. Notice the good repeatability necessary for a good performance of the
mixer.

fabrication process. After dicing and polishing, we measured
the resistance of the individual devices as indicated in Fig. 5.
The results show that the chosen fabrication procedure results
in a good reproducibility of the devices. This is a key element
for the future performance of the mixer.

V. CONCLUSIONS

In this article we have presented the current status of the
development of a side band separating mixer for ALMA band
9. Currently, all of the components have been simulated,
fabricated and tested individually. The assembling is a going
on task that will be completed in the next months.
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1.4 THz SIS mixer development for radio astronomy

A. Karpov, D. Miller, F. Rice, J. A. Stern*, B. Bumble*, H. G. LeDuc*, J. Zmuidzinas

California Institute of Technology, Pasadena, CA 91125, USA
* Jet Propulsion Laboratory, Pasadena, CA 91109, USA

We report the development of a 1.4 THz SIS mixer for a heterodyne spectrometer
CASIMIR aimed for the stratospheric observatory SOFIA. The goal of this work is to
provide a low noise spectrometer particularly for the studies of the H2D + 1 oi - Ooo

line around 1370 GHz.
In the mixer we use two Nb/A1N/NbTiN SIS junction array. The mixer has a quasi —
optical design. The maximum frequency of an SIS mixer operation is close to the
double gap frequency, about 1.7 THz for the hybrid Nb NbTiN junctions having the
gap voltage of 3.4-3.5 mV. This allows one to cover a significant part of the THz
range with already existing SIS technology.
The LO power requirements for the designed SIS mixer are low. Based on our
experience at 1.25 THz, the mixer uses about 100 — 150 nW of LO power when
optimally pumped. The currently available LO sources are providing about 10 uW
power, sufficient for the LO injection through a diplexer.
The SIS mixer model envisages 1.2-1.5 THz coverage with a low noise operation. In
the figure below are the predictions for the on — chip SIS mixer coupling to the signal
source.
The calculation gives the coupling in the 1.4 THz device only slightly less than in the
1.2 THz mixer, already proved to perform well.
The receiver test at 1.33 — 1.35 THz gives promising results for a complete receiver
operation. We will discuss the limitations of the mixer performance at 1.4 THz.

Fig. 1. Prediction of the on — chip coupling in 1 — 1.5 THz SIS mixers.
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VO TES as Room Temperature THz Detectors

Biddut K. Banik, Harald F. Merkel

Abstract- VOx materials hold very high potential to be used
as room temperature bolometer. A brief review on room
temperature bolometers and VO x characteristics is presented.
The hysteretic metal insulator transition behavior of a VOx
microbolometer has been investigated. An algebraic hysteresis
model has been used to model the resistance temperature
characteristic of the bolometer. The magnetic limiting loop
proximity (L2P) hysteresis theory is modified to represent the
VOx major and minor hysteresis loops. The responsivity of the
bolometer is also calculated. Loop accommodation process is
explained. Nonsymmetrical hysteretic behavior has also been
discussed.

Index Terms- Bolometers, hysteresis, vanadium oxide.

I. INTRODUCTION

TODAY THz detectors are exclusively based on
1 superconducting materials. Superconducting Tunnel

Elements (SIS), Transition Edge Sensors (TES) have
been used as direct detectors while Hot Electron Bolometers
(HEB) has been used for heterodyne receivers without
frequency limitations. These sensors have become standard
solutions for radioastronomy and other remote sensing
applications. In recent years, security and safety applications
have emerged as potentially new applications for THz
technology. Proposed systems (e.g. airport security, standoff
checkpoints) for detection of explosives and concealed
weapons require imaging and detection at some 20 m
distance. Compared to radioastronomic applications, the
requirements on spectroscopic resolution are here greatly
relaxed. Interesting molecular lines are temperature and
pressure-widened. Imaging is crucial, so any commercially
interesting detector system must be capable to be extendable
to 100s and 1000s of pixels. Commercially viable systems
must operate at room temperature or even better at elevated
temperature levels. The advantages of uncooled sensors
include no cryogenics, and no related complicated problems
including additional power requirements, thermal shielding,
and limited lifetime and additional weight and bulk. The
results of such a basic study are presented in this work.
Room temperature THz detection using composite
bolometers, nanowires and nanotechnology, antenna
coupled quasi-optical systems, superconducting TES
devices having high Tc (YBaCuO) have been reported.
Being used in military applications in the Near Infrared and
having a very good potential as direct-detection detector, the

Manuscript received May 11, 2006.
B. K. Banik is with the Dept. of Microtechnology and Nanoscience,

Microwave Electronics Laboratory, MC2, Chalmers University of
Technology; GOteborg, Sweden (e-mail: biddutbanik@mc2.chalmers.se).

H. F. Merkel is with the Dept of Microtechnology and Nanoscience,
Microwave Electronics Laboratory, MC2, Chalmers University of
Technology and Food Radar AB, Goteborg, Sweden (e-mail:
harald.merkel@mc2. chalmers. se).

use of vanadium oxides (V0) for room temperature THz
detection is still virtually unexplored.

Vanadium oxide materials exhibit so-called Magndli
phase transition (i.e. between a metallic and semiconducting
state) typically located at 68 °C, for the case of V02.
Location and steepness of the transition temperature of VO„
films can be modified by varying process parameters as
annealing temperature (in a sol-gel process) or doping the
vanadium oxide with other cations or alternatively having a
stochiometrically inaccurate mixture of VO2 and V304.

II. Room TEMPERATURE BOLOMETERS

A. A brief review

YBaCuO thin film bolometer for uncooled infrared
detection has already been investigated [1] where YBaCuO
on a Si substrate with and without a MgO buffer layer, and
on an oxidized Si substrate with and without a MgO buffer
layer were characterized. TCRs for all the films were greater
than 2.5% K. The highest TCR of 4.02% K -1 was observed
on the amorphous YBaCuO thin film deposited on MgO/Si
without a Si02 layer. YBaCuO bolometers have a
responsivity as high as 3.8x10 5 V/W and a detectivity as
high as 1.6x109 cm Hz1/2/W for 1 IA bias current and frame
frequency of 30 Hz if integrated with a typical air gap
thermal isolation structure. Microbolometers have been
fabricated using a thin niobium film [2] as the detector
element to operate at room temperature. The reported
responsivity was up to 21 WW at a bias of 6.4 mA, and
electrical noise equivalent powers (NEP) of as low as 1.1 x
10-1° WA/Hz at 1 kHz. Metal bolometers at room
temperature made of Pt, Au, Bi, and Ni have also been
investigated [3].

B. VOx Bolometers

Vanadium oxide thin films have been adopted [4] to make
a 320 x 240 pixel IR detector and the reported NETD (noise
equivalent temperature difference) was smaller than 0.1K at
60 Hz frame rate. The reported TCR is -1.64%/K and
thermal time constant is 12 ms. VQ, thin film bolometers
have been investigated and characterized by few other
research groups [5, 6]. V205NN205 multilayer vanadium
oxide thin films have been fabricated with high temperature
coefficient [7]. Another 160 x 128 uncooled infrared sensor
array was reported where calculated NETD for 4.25V
bolometer bias and 2.74% TCR is 72 mK with f/1.8 optics
[8]. A 16 x 16 array has been reported having responsivity
of 1200 V/W, a detectivity of 2.2x10 cmHz 2/W and NETD
of 200 mK at 0.5 Hz frame rate [9].
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III. VANADIUM OXIDE

A. VO, characteristics
Several oxides of vanadium, such as VO, V203, V02,

V305, V60 13 , and V205, undergo a transition from a metal to
a semiconductor or insulator phase at a critical temperature.
V02 undergoes this transition near 68 °C as it transforms
from a monoclinic to a tetragonal crystal structure,
accompanied by large changes in electrical and optical
behavior.

The phase transition properties make VOx suitable for
fabrication of a variety of electrical and optical devices,
including electrical switching elements, thermistor thermal
relays and optical switching elements. VO„ materials were
used as intelligent window coatings [10]. Metal-insulator
transition mechanism has been investigated [11]. The
temperature and strain dependence of VOx film resistance
was also investigated [14 Vanadium oxide films exhibit
some interesting optical properties such as optical
birefringence, electrochromism or optical switching [13].
The nature of the condensed phases formed upon hydrolysis
and condensation.

The electrical and optical properties of VOx largely
depend on the derivation or deposition process, process
temperature, ambient temperature, pressure, Stoichiometric
composition, doping, grain size, type of substrate, specific
orientation on its substrate [14-21]. Hysteresis width down
to 1K has been reported [22]. Electrical and infrared
properties of Vanadium Oxide nanocrystalline powder and
thin films have been investigated [23].

Large negative temperature coefficients of resistance for
high quality films have been reported [24]. Present uncooled
VOx bolometers are operated in the nonhysteretic metallic
part of its resistance-temperature (R-T) curve, at
temperatures below the metal-insulator (M-I) transition.

IV. VOx CHARACTERIZATION

A. Hysteresis modeling
The magnetic limiting loop proximity (L 2P) hysteresis

theory is modified to represent (1) the major hysteresis
loops [25] where Ms is the saturation value, Hc is coercivity
field, 110 is a material dependent constant and 5 is a sign
operator.

M(H) = -
2
 Ms arctan 

H - He 

(1)
ho

It should be mentioned that (1) represents only the major
hysteresis curve. To represent any arbitrary point (H, Al) and
to incorporate minor loops, (1) has been modified by [25].

2 H 
pr

g Hc + H
M(H) = - Ms arctan (2)

ir ho

H - H r
x=

	

	 	 (3)
Hpr

Where, "pr is the proximity field at reversal point Hr, and
P(x) is the proximity function. P(x) = 1-sinx for 2 .x <
and P(x) ------ 0 otherwise. Here and ho are material

dependent constants.
The temperature dependent resistivity of VOx

bolometer can be represented as (4) where Rs is the
saturation value of R(T) at high temperature end, x and u are
dependent on the saturation value of R(T) at low
temperature end and on R-T slope, v(T) incorporates the
hysteresis loop, w is the hysteresis width, fig represents the
slope of v(T), Tc is the critical temperature and (5 =
sign(dT/dt). fig 13g+ for 6 1 and fig = fig_ for = -1.
Typically fig+ = fig_ for VOx materials but the values are
different for doped V0x, for instance, as fig becomes
dependent on 6 and T[13].

R(T) = Rs + exp

v(T) = 0.5 1.1 + tanh fig y

r=t5E+Tc-T
2

Fig. 1 demonstrates v(T) and R(T) for 68 °C, fig = fig+ =
fig..= 0.2, w=6.5 °C, x = 20 and w=2500 and Rs = 120.

(b)

Fig. 1. (a) v(7) and (b) R(7) major loop for Tc--- 68 °C, w=6.5 °C

B. Incorporating minor loops
To incorporate minor loops, (6) can be modified with (2)

to attain (7) where Tpr is the proximity temperature at
reversal temperature point Tr. It should be noticed that for
the case of major loop, Tp.= w at any reversal point.
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Here, yr y(Tr) and vr = v(Tr) as in (6) and (5)
consecutively. Tpr and yr are changed only at the reversal
point Tr and remain unchanged until the next reversal point.
Is should be mentioned that for calculating v r at T  takes
the value of Tpr (Tr — Al) which is basically the value of
Tpr before the reversal point. Fig.2 (a d) demonstrates the
v(T) and R(T) loops where the Tri 

=72 °C and Tr2 ----62 'C.

(b)

A /\\ A /
/ V V V \v/

8C,C' 1 .02

(C)

Fig. 2. (a) v(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°C and Tr1 =72 °C and Tr2=62 °C (c) shows the variation of T with time and
the corresponding change of R(T) is presented in (d).

For smaller change in temperature, TH =72 °C and Tr2=67
T and the corresponding v(T) and R(T) loops are presented
in Fig. 3(a-d)

Fig. 3. (a) o(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°C and Trj —72 °C and Tr2=67 °C (c) shows the variation of T with time and
the corresponding change of R(T) is presented in (d).

It can be seen from Fig. 2 that the minor loops are
stabilized readily for large minor loops while Fig. 3 shows
that minor loops become stabilized after few cycles. The
stabilization time is inversely proportional to the area of
minor loops in R-T plane. Fig. 2 and Fig. 3 explain the loop
accommodation process in VOx.

C. Nonsymmetrical hysteresis modeling
In order to realize nonsymmetrical hysteresis behavior,

the hysteresis width w can be modified to express the
ascending loop as (13).

w_ = 0.5 w, 11 — tanh (13 g_(Tc —T))1+ w2 (11)

Here wiand w2 depend on the limiting values of w_. Fig. 4
shows the v(T) and R(T) major loops for nonsymmetrical
case.

Fig. 4. (a) 0(7) and (b) R(1) major loops for nonsymmetrical hysteresis
case.

D. Responsivity
The voltage responsivity (14) is expressed in (12) where

Gm is thermal conductance, VB is bias voltage, i is
absorbance and rd, is thermal time constant. KIT is expressed
in (13). Fig. 5 shows that the responsivity is increased by a
factor of 3 when the bolometer is operated in the hysteretic
region.
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Fig. 5. RdT for major ascending and descending loop; corresponds to
normalized responsivity expressed in (12). For the descending loop, peak is
observed at 70.66 'C.

V. CONCLUSION

Vox materials are extremely promising for room
temperature THz applications. Higher TCR can be achieved
by high quality VOx films, even with multilayer and doped
films. The hysteresis width can also be minimized by
fabrication process. NETD can be reduced by introducing
on-chip readout circuit (ROIC). The main challenge is to
operate the VOx bolometer in the hysteretic region at
suitable operating point to attain high TCR. Considering the
thermal conductance (Gth) and thermal time constant (Tth),
Peltier elements can be used to cool down and heat up the
bolometer to the optimum operating point.
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Design of coplanar stripline diplexer
integrated in large arrays of antenna-coupled

bolometers
Ph.Camus , D.Rauly2, O.Guillaudin3 , F.X.Desert4, A.Benoit , T.Durandi

Abstract- Both in space-borne and ground instruments for
cosmic microwave background (CMB) astrophysics, there is a
need for large arrays of bolometers with some spectral
resolution capabilities.

We propose a design for a pixel composed of a planar
antenna and a stripline diplexer optimized for two
photometrics bands centered on 150 GHz and 220 GHz. The
microwave circuit is suitable for an integration in a current
antenna-coupled bolometer array.

The complexity of the circuit depends on the requested
bandwidth and frequency rejection. The proposed design is
based on a stripline coupler with a stub circuit to achieve the
correct impedance matching between the antenna and the
bolometer in the desired waveband.

The analysis of the antenna impedance and the radiation
diagram is based on the 

HFSSTM 
software. The microwave

circuit is then optimized by simulation with the Advanced
Design System 

(ADSTM) 
from Agilent.

I. INTRODUCTION

F
ULLY sampled arrays of bolometers at very low

I: temperature (<0.3K) are required to increase the
sensitivity of modern millimeter instruments in CMB
astrophysics. In order to have some spectral resolution, a
classical solution is to define the needed photometric bands
with a complex optical filtering scheme. A multifrequency
detector array makes a better usage of the available focal
plane at low temperature.

Antenna-coupled bolometers allow to separate the pixel
design from the detector itself. Microstrip transmission
lines can be designed to provide the desired filtering
properties. Such detector architecture is proposed for
several instruments [1][6]. Niobium microstrip with a
silicon dioxyde dielectric have very low loss up to 700 GHz
141 We choose a solution based on a quarter wavelength
coupler.

For the most demanding application in CMB polarization
measurement, a phased-array of several slot-antenna is
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foreseen [1][6]. For photometric imaging, we are proposing
a planar antenna with a bow-tie geometry. The beamshape
can be matched to an optic using a cold lens at F/2-F/3 and a
cold aperture below 1K to reduce the side lobe response.

II. PLANAR ANTENNA ANALYSIS

The antenna is designed to operate simultaneously in both
frequency bands centered at 150 GHz and 220 GHz. These
are central frequencies for the analysis of CMB anisotropies
in the possible presence of foregrounds (e .g. dust, free free
and synchrotron galactic emissions). A classical wideband
bow-tie planar antenna has the desired characteristics. It is
also compact and suitable for an antenna array design [5]
(Fig.1.). In order to obtain a high absorption efficiency, a
reflective plane is placed below the antenna.

Fig. 1. Prototype array of 204 antenna-coupled bolometers [5] made at
IEF/Orsay; the antennae distance is 2 mm to sample an image at A, = 2 mm
with a f/2 optics.

The characteristics of the antenna are computed by using
a commercial computer software package based on the finite
element method (Ansoft HFSS1m). The impedance and the
far field radiation . pattern of this antenna will be presented
for a single element. The properties are slightly different for
a regular array of such antennae but are not presented here.

In the array fabrication process [6], the antenna is entirely
deposited on a thin silicon substrate covered by a 1 t,tm
silicon nitride. In order to avoid some power loss due to
surface waves in the substrates, we have to use a substrate
thinner than k/6 112 for the shortest wavelength. The high
dielectric constant of the silion substrates (6=11.9) requires
to use a thickness less than 80 lArn.

Micrornachining fabrication techniques can be used to
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remove the substrate below the antenna and, therefore,
locally synthesize a low dielectric region around the
antenna. In the extreme, silicon can be entirely remove,
which provides a fully membrane supported antenna. The
cavity around the antenna can be designed to resonate close
to bow tie resonance. The antenna consists of two identical
printed bows that are connected to the 2 coplanar strip lines.

The radiation pattern and the antenna impedance are
computed for the optimized geometry given in Fig.2 from
100 to 300 GHz. The antenna complex impedance (Fig.3) is
used to design the microstrip filter. The single antenna
provides a good radiation characteristics up to 250 GHz but
starts to deteriorate at 260 GHz. The antenna gain has an
average value of 9 dB over the bandwidth 100-250 GHz
(F ig.4).

Fig.2. Optimized antenna dimensions.

Fig. 3. Antena complex impedance.

Bow 7. Ardeona
Radoetcr Pa4se, 1

_

Fig. 4. Antenna radiation pattern at 150 GHz and 220 GHz, 0° is the main
axis direction.

III. MICROWAVE CIRCUIT DESIGN

The theoretical circuit of the diplexer is shown on Fig.5.
The signal is divided from the antenna into two filtering
sub-circuits propagating it towards two resistive shunts (i.e.
the bolometers), with a maximum transmission centered
respectively at 150 GHz and 220 GHz . Each filter is

composed by three transmission lines, namely its is a
multisection stepped-impedance structure, with a stub
playing the role of a reactive obstacle. The present design
includes only two sections with one obstacle. More complex
structures can be proposed for a higher required slopes in
the frequency response [1,2], but here is not the aim of the
project. The filtering action is due to the selective matching
between the shunt impedance, choosen at 200 n and the
antenna impedance (Fig.3).

A maximum transmission across a sub-circuit is reached
at a given frequency when it exhibits an input reflection
coefficient 511 equal to the conjugate value S'11* of the
antenna's one. As it can be seen on Fig.6, each sub-circuit
reaches this matching condition, while it is close to an open
circuit at the nominal frequency of the opposite sub-circuit.
This last property is due to the relatively high characteristic
impedance ( >500 ) of the lines touching the antenna. These
results have been optimized with the Advanced Design
System software (ADS, Agilent).

In a first step„ we have assembled the two pre-optimized
sub-circuits to the antenna port. The simulated transmission
coefficients in dB from the antenna port, taking into account
its complex impedance, to the bolometers is given in Fig.7-
Left. At the band center frequency, the system has rejection
higher than 20 dB between the required and undesirable
signals. For the 150 GHz, a maximum in the transmission
occurs at 245 GHz which has to be rejected by an optical
filter.

In a second step, a global optimization, obtained with
ADS', leads to the values explicited in table 1, with better
rejection (Fig.7 - Right).

The lay-out of the proposed device is shown on Fig.&
The high characteristic impedance transmission lines (TL1
& TL4) are made with Coplanar Strip Lines (CPS) on a 100
pm-thick silicon substrate, suspended on a 425 pm deep
cavity, separating it from a ground plane. Ground layer and
strips made of superconducting Nb have been assumed with
infinite conductivity and 0.2 pm thickness.

The low impedance lines are Broadside Coupled Lines
(BCL) . They are constituted by two superposed strips,
separated by 0.2 gm thick Si0 2 layer. Practical realization
could be easily done, namely for the transition CPS-BCL,
with two level of metalization separated by a 0.2 ji.m SiO2
layer. It ensues a negligeable offset for the theoretical
coplanar parts of the device.

The final device is less than 2 mm X 2 mm and could be
easily inserted in a matrix. It has two major advantages.
First, the circuit connected to the antenna keeps its balanced
character. This avoids undesirable additionnal currents
which could appear whithin the antenna structure and affect
the radiation pattern, when it is fed by an unbalanced device
[3]. Second, the filter design has been made taking into
account the antenna impedance, so the presented results
correspond to the true insertion losses, in realistic
conditions.

IV. CONCLUSION

This study gives a first estimation of the performances
expected for the separation of to important frequency bands
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in CMB astrophysics in an array of antenna coupled
bolometers. The concept is currently under test to validate
the design tool. It will be extended to a prototype array.
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Fig. 5. Theoretical diplexer - values indicated are Z : characteristic
impedance (W), E : electrical length in degrees at the design filter
frequency.
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Fig.6. Input reflection coefficient of the 150 GHz filter (right) and 220 GHz
(left), compared to the required conjugate value at the nominal frequency
and to an open ciruit ( required out of band, namely at the nominal
frequency of the opposite sub-circuit ).

Fig. 7. (Left) Transmission 521dB and 531dB coefficients of the 3-port
structure; the input port (1) is the antenna, the 200 0 bolometers are the
ports 2 and 3 ( 150 GHz and 220 GHz). (Right) Optimized reflection
coefficients in dB.

Fig. 8. Layout of the duplexer ( not to scale ).

Line Electrical
parameters

Physical
dimensions, pm

TM :
CPS

Z= 57.2 O.
E= 130 .

W=15 ttrn S = I ini
L=340 fun

TL2 :
BCL

Z= 14.1 11
E— 120 .

W=1.7 pm 11=0.2pm
L=337 pm

TL3 :
BCL

Z= 5.1 CI
E= 124.8 °

W=6.5pm H= 0.2
L = 349 pm

TL4 :
CPS

Z— 119.6 CI
E— 173 .

W=4.7 pm Si= pm
L= 304 pm

TI45 :
BCL

Z= 10.6 C2
E=98.8 0

W=2.6 pm H=0.2prn
L= 189 pm

TL6 :
BCL

Z= 10.0 C2
E= 159.5 c

W= 2.8 Inn H=0.2pm
L = 306 pm

Table 1. Transmission lines dimensions : W is the strip width, S is the
spacing and L is the physical length.
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A Phonon-Cooled Nb Direct Detector for SubMM Imaging and
Spectroscopy

Boris S. Karasik, Brian J. Drouin, John C. Pearson,
Timothy J. Crawford, and Henry G. Leduc

Jet Propulsion Laboratory, California Institute of Technology

We present the data on fabrication and test of an antenna-coupled Nb hot-electron
direct detector. The detector device is a 1 ttm x lpm x 12 nm Nb bridge with the
critical temperature — 6K and the normal resistance of 25 Ohm. The device contacts
are made from a thick (— 150 nm) Nb film with the critical temperature — 8.5 K. The
larger energy gap in the contacts helps to confine the electron energy within the small
device volume due to the Andreev reflection. The device is fabricated on a Si
substrate together with the planar spiral antenna covering the 150 GHz-2 THz range.
A hybridized elliptical Si lens is used for narrowing the antenna main lobe.

The detector sensitivity (NEP) and the time constant are determined by the
electron-phonon interaction in the thin Nb film. The time constant is —0.4 ns and does
not depend on the device size. The estimated NEP due to the phonon noise is
1.5x1044 W/Hz 112 . This figure can be made by a factor of 5 smaller for a submicron
size device.

The detector spectral response has been measured in the 250-990 GHz range using
a set of backward-wave oscillators and was found to be essentially flat. The current
work focuses on the integration of the detector with a sensitive broadband amplifier
and a cold submm bandpass filter for optical NEP tests and applications in laboratory
spectroscopy.

Although, neither the time constant, nor the NEP sets the record by itself, the
combination of the parameters is quite unique and very desirable for a number of
applications in laboratory and space spectroscopy as well as in security imaging
applications.

This research was carried out in part at the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space
Administration.
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Characterization of Quasi-Optical NbN
Phonon-cooled Superconducting HEB Mixers

Ling Jiang, Wei Miao, Wen Zhang, Ning Li, Zhen Hui Lin, Qi Jun Yao, Sheng-Cai Shi, Sergey I.
Svechnikov, Yury B. Vakhtomin, Sergey V. Antipov, Boris M. Voronov, Natalia S. Kaurova, and

Gregory N. GoPtsman

Abstract---In this paper, we thoroughly investigate the
performance of quasi-optical NbN phonon-cooled
superconducting hot-electron bolometer (HEB) mixers,
cryogenically cooled by a close-cycled 4-K refrigerator at 500
GI-1z and 850 GHz. The uncorrected lowest receiver noise
temperatures measured are 800 K at 500 CHz without
anti-reflection coating, and 1000 K @ 850 GHz with a 50 11M
thick Mylar anti-reflection coating. The dependence of receiver
noise temperature on the critical current and bath temperature
of HEB mixer is also investigated here. Lifetime of quasi-optical
superconducting NbN HEB mixers of different volumes, room
temperature resistances, and critical temperatures are
thoroughly studied. Increased room temperature resistance with
time over the initial resistance changes between 1 and 1.2, and
the reduced critical current with time over the initial value
fluctuates slightly around 0.7 for most HEB mixers even of
different volumes, room temperature resistances, and critical
temperatures. The critical current degrades sharply vvhile room
temperature resistance varies over 1.25.

Index Terms—Superconducting HEB mixer, noise
temperature, anti-reflection coating, bath temperature, critical
current, lifetime, room temperature resistance.

I. INTRODUCTION

I
n recent decades, phonon-cooled superconducting hot
electron bolometer (HEB) mixers have developed as the

most sensitive heterodyne detector in the THz region. The
double sideband (DSB) receiver noise temperature of
phonon-cooled NbN superconducting HEB mixers has
approached eight times the quantum limit (817v1k) [1] and the
required LO power is only tens of nanowatts.

To develop this heterodyne receiver technology for real
astronomical and atmospheric observations, which usually

Manuscript received May 30, 2006. This work was supported by the NSFC
under Contracts No. 10390163 and No. 10211120645, the CAS under
Contract No. KJCX2-SW-T2, and the RFBR under Contract No.
04-02-39016.

L. Jiang, W. Miao. W. Zhang, N. Li, Z. H. Lin, Q. J. Yao, are with Purple
Mountain Observatory, NAOC, Graduate University of Chinese Academy of
Sciences, Nanjing, China. S. C. Shi is with Purple Mountain Observatory,
NAOC, CAS, Nanjing, China. Phone: 86-25-83332203; fax: 86-25-83332206;
e-mail: 1.jiang@mwlab.pmo.ac.cn.

S. I. Svechnikov, Y. B. Vakhtomin, S.V. Antipov, B. M. Voronov, N.S.
Kaurova, and G. N. Goltsman are with Department of Physics, Moscow State
Pedagogical University, Moscow, Russia

require long-period operation, we have concentrated on the
performance characterization of phonon-cooled NbN
superconducting HEB mixers with a close-cycled 4 K
refrigerator. It has been indeed demonstrated that although
being with an ultra-thin NbN film (-3.5 nm), phonon-cooled
NbN superconducting HEB mixers can survive the mechanical
vibration and temperature fluctuation of 4-K close-cycled
cryocoolers (GM two-stage type) [2]. In this paper, we
measure the receiver noise performance of quasi-optical NbN
superconducting HEB mixers at 500 GHz and 850 GI-1z with
an anti-reflection coating. The dependence of receiver noise
temperature on the critical current and bath temperature is also
investigated. To obtain reliable operation of superconducting
NbN HEB mixer with 4-K close-cycled refrigerator, it is also
crucial to investigate the lifetime of NbN HEB mixers. The
reduction of critical current with time as a function of the
increase of room temperature resistance is demonstrated for
different HEB mixers.

II. MEASUREMENT SETUP

The measured quasi-optical NbN superconducting HEB
mixer chip was fabricated in Moscow State Pedagogical
University (MSPU), as shown in Fig. I. The ultra-thin (3.5 mn)
NbN superconducting film bridge is contacted to the spiral
antenna by the two sides contact pads. The RF and LO signals
are coupled to the ultra-thin NbN superconducting film bridge
through the log - spiral antenna, where mixing happens.

An IR filter made of two layers of Zitex A155 [3] on the
40-K shield of the 4-K cryostat is used to block the IR thermal
radiation into HEB mixer. The quasi-optical NbN
superconducting HEB mixer chip was glued onto the flat
surface of a hyper-hemispherical silicon lens of a diameter of
12 mm, which was adopted to focus the RF and LO signals to
the log-spiral antenna. The hyper-hemispherical silicon lens
with the superconducting HEB mixer chip was then put into a
copper mixer block, which includes a 50-Q coplanar
waveguide transmission line with one port connected to the
HEB mixer chip (via silver paste) and the other to the IF and
DC output port. To further reduce IR thermal radiation into the
superconducting HEB mixer, we used a copper shield to cover
the whole mixer block. The shield indeed had a window of 25
mm diameter covered with a layer of Zitex G104 for RF and
LO signal coupling. The whole mixer block and the 4-K shield
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were both mounted on the 4-K cold plate of the close-cycled
cryostat.
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Fig. I Photograph of the rneasured quasi-optical NbN superconducting HEB
mixer chip. The HEB device consists of the NbN microbridge and two contact
pads in either side. Au spiral antenna is deposited in the outer layer.

We used the conventional Y-factor method to measure the
noise performance of the quasi-optical NbN superconducting
HEB mixer. The schematic of measurement setup is displayed
in Fig. 2. A beam splitter made of a 15-tim thick Mylar film [4]
was employed to couple the RF and LO signals into the
vacuum window (15-m thick Mylar film) of the 4-K cryostat.
The RF signal was from a chopper, indeed a 295-K and 77-K
blackbody. The 500- and 850-GHz LO source was provided by
a BWO (backward wave oscillator). The IF output signal of the
quasi-optical superconducting HEB mixer went through a
bias-tee, a 0.8-2 GHz cooled HEMT low noise amplifier (of
36-dB gain) and a room-temperature amplifier (of 45-dB gain),
a bandpass filter (1.5+0.055 GHz), and was finally measured
by a square-law detector of a sensitivity of 1 mV/IAW.

Chopper

Mirror
 

295 K Load!

Fig. 2 Schematic of the receiver noise temperature measurement setup.

Ill. MEASUREMENT RESULTS

A. Receiver noise temperature measurement at 500 and
850 GHz

We measured the receiver DSI3 noise temperature at 500
and 850 GHz, The uncorrected lowest receiver noise
temperature measured at 500 GHz is 800 K without an
anti-reflection coating, as shown in Fig. 3. The optimum
operating point is located in V bias=1MV, Ibi55=341AA.

In order to further reduce the receiver noise temperature, we
cover a Mylar anti-reflection coating on the surface of
hemispherical Si lens to decrease the impedance mismatching
between Si lens and free space. The optimum thickness of

Mylar film ( c Atyi, s, ) was chosen as 50 fAm at 850 GHz.

Fig. 4 shows the receiver noise temperature for different LO
pumping levels and de biases at 850 GHz. The lowest receiver
noise temperature was measured 1000 K @ 850 (l Ii. The
receiver noise temperature is reduced by 30% compared that
without anti-reflection coating.

200 T

150 -
_kVilhout 1,0

50 - 1Vith

Optimum point, TR
=800K 5000117

2 3 4 5
Voltage (m V)

Fig. 3 Receiver noise temperature measured is 800 K at 500 GHz without an
anti-reflection coating.

Fig. 4 Receiver noise temperature was measured for different LO pumping
levels and dc biases at 850 GHz with a 50-tom thick Mylar film as
anti-reflection coating. The lowest receiver noise temperature measured was
1000 K at 850 GHz.
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B. Receiver noise temperature vs. critical current and
bath temperature

Dependence of the receiver noise temperature on critical
current and bath temperature was also investigated at 500 GHz.
The HEB mixer has a width of 2.4 pm, length of 0.2 gm, and
critical temperature of 9.4 K. Fig. 5 shows the IV curves and
measured receiver noise temperatures for different critical
currents. Note that the Si hemispherical lens wasn't covered
by an anti reflection coating. It is clearly that the receiver
noise temperature deteriorates with the reduction of critical
current. The HEB mixer temperature at different critical
currents can be estimated from the following equation [5]

4 O*5

J(T) =.I (0)*

Its validity has been successfully checked. Fig. 6 exhibits
the receiver noise temperature and mixer critical cun-ent
change with HEB mixer bath temperature. Below bath
temperature of 5.6 K, the receiver noise temperature change
very slowly. However, while the bath temperature increases

2 3 4 5
Bias Voltage (mV)

Fig. 5 IV curves and measured receiver noise temperature for different critical
currents at 500 GHz without an anti-reflection coating.

Fig. 6 Mixer critical current and receiver noise temperature measured at 500
GHz as a function of mixer bath temperature. The HEB device has width=2A

length=0.2 [km, Tc=9.4 K. circle symbol is obtained from equation (1).

beyond 5.6 K. the receiver noise temperature deteriorates
sharply. 'We also measured another HEB device, which shows
similar variation rule. The lowest FIEB mixer temperature (i.e.,
5.2 K) is 1 K larger than liquid helium temperature 4.2 K due
to the bad thermal conductance between the mixer block and
cold plate of the 4-K cryostat.

C. Lifetime of superconducting 11E13 mixer

Lifetime of NbN HEB mixers have been investigated by M.
Hajenius etc. [6], which indicates the standard HEB devices
without passivation layer have a 15% increase in room
temperature resistance and a 30% reduction in critical current
about half a year after fabrication. We measured the variation
of mixer room temperature resistance vs. that of critical
current at an interval for these standard NbN HEB devices
deposited in Si substrate of different volumes, room
temperature resistance, and critical temperatures, as shown in
Fig. 7. The room temperature resistance and critical current
were measured, respectively in 10 days and 500 days after
fabrication. The variation of room temperature resistance
(characterized by R300K, 500 clays / R300K, 10 clays) changes mainly
from 1 to 1.2, and critical current fluctuates slightly around 0.7
(defined by lc, 500 j l.10 (iays) for most HE13 devices even of
different volumes, room temperature resistances, and critical
temperatures. Furthermore, the critical current deteriorates
strongly with the room temperature resistance changes beyond
1.25.

1 4

Fig. 7 Variation of critical current vs. room temperature resistance for
different HEB devices at an interval, indicated in 10 and 500 days after
fabrication. For most HEB devices of different volumes, room temperature
resistance, and critical temperatures, the increased room temperature
resistance over initial resistance varies from 1 to 1.2 and the reduced critical
current over initial one fluctuates slightly around 0.7. The critical current
deteriorates sharply with the further increment of normal resistance beyond
1.25.

Iv. CONCLUSION

We have thoroughly investigated the receiver DSB noise
temperature of quasi-optical phonon-cooled NbN
superconducting HEB mixer, which is cooled by a 4-K
close-cycled refrigerator. The measured lowest receiver DSB
noise temperatures are 800 K at 500 GHz without
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anti-reflection coating and 1000 K at 850 GHz with a 50-pm
thick Mylar anti reflection coating. The receiver noise
temperature changes inversely with the critical current, and the
receiver DSB noise temperature is found to deteriorate
strongly beyond bath temperature of 5.6 K. Increased room
temperature resistance over initial resistance varies from 1 to
1.2 for most HEB devices of different volumes, room
temperature resistances, and critical temperatures, and the
reduced critical current over initial one fluctuates slightly
around 0.7. While the room temperature resistance varies
beyond 1.25, critical current deteriorates strongly.
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Direct comparison of the sensitivity
of a spiral and a twin-slot antenna coupled HEB

mixer at 1 6 THz

J.R. Gao, M. liajenius, Z.Q. Yang, T.M. Klapwijk, W. Miao, S. C. Shi,
B. Voronov, and G. Gortsman

Abstract— To make a direct comparison of the sensitivity
between a spiral and a twin slot antenna coupled HEB mixer,
we designed both types of mixers and fabricated them in a
single processing run and on the same wafer. Both mixers have
similar dimensions of NbN bridges (1.5-2 pm x0.2 pm). At 1.6
THz we obtained a nearly identical receiver noise temperature
from both mixers (only 5% difference), which is in a good
agreement with the simulation based on semi analytical models
for both antennas. In addition, by using a bandpass filter to
reduce the direct detection effect and lowering the bath
temperature to 2.4 K, we measured the lowest receiver noise
temperature of 700 K at 1.63 THz using the twin-slot antenna
mixer.

Index Terms—Hot electron bolometer mixer, twin-slot
antenna, spiral antenna, and THz.

I. INTRODUCTION

S
piral antennas are extremely useful for laboratory tests

1.3 to evaluate HEB mixers at different frequencies because
of the broad RF bandwidth as a result of a non-resonating
frequency response. However, such antennas have a circular
polarization, so they are less favorable for actual
applications in a telescope. In contrast, twin-slot antennas
are resonant ones with a linear polarization and an
acceptable beam pattern. Therefore they are more desirable
for real applications. Because of the resonant type of
antenna, to reach the maximum RF coupling at a designed
frequency the impedance matching between antenna and
HEB is more important. This is partly due to the fact that the
theoretical design model has not been fully developed for
THz frequencies and partly due to the fact that the bridge
impedance should be under good control during the
fabrication.
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Spiral antenna coupled NbN HEB mixers tend to show
lower receiver noise temperatures than reported for twin-
slot antenna mixers. However, there has so far been very
few work dedicated to a direct comparison between these
two types of antenna coupled mixers [1]. Such a comparison
turns out to be difficult. One of the reasons is that, due to
different antenna geometries and corresponding fabrication
recipes, it is very challenging to fabricate both types of
mixers in a single wafer and a single processing-run in order
to make a sensible comparison. Here we report a direct
comparison of the heterodyne sensitivity at 1.6 THz using
two types of mixers fabricated on the same wafer with the
same process.

II. THEORETICAL CONSIDERATIONS OF THE HETERODYNE
SENSITIVITY

The DSB receiver noise temperature Trec of a HEB mixer
reflects the effective noise temperature and gain of the
cascade of the RF optical components, mixer, and IF
(amplifier) chain, and is given by

T ST +  Mx ' SB
IF 

RF 2GR, 2G G12F Mix,SSB

where TRF and GRF are the equivalent noise temperature and
gain of the RF optics, respectively. Tmix,ssB and Gmix,ssB the
SSB mixer noise temperature and gain, and T1F the noise
temperature of the IF chain. In practice, the RF power
coupling between antenna and HEB detector is not 100%,
thus there will be an additional loss term added into the Gmix
or G. Furthermore, if the DC resistance of the HEB at the
operating point is different from the input impedance (50 0)
of IF amplifier, there will be impedance mismatching
between the HEB and IF amplifier. Consequently, this will
reduce the mixer gain and thus increase the receiver noise
temperature [2,3]. It becomes obvious that, to compare the
sensitivity of two types mixers due to different antennas,
ideally one needs the exact same HEB devices, which can
guarantee the same mixer noise temperature, gain, and IF
impedance. As discussed in the next section, the input
impedances of two antennas are not the same. Hence, it is
unrealistic to use the exact same device size, which
determines the impedance. In this work, we choose HEBs
that are essentially identical, but slightly different in widths
in order to satisfy the RE impedance matching.

Trec = (1)
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III. HEB MIXERS

Mixers used are phonon-cooled HEBs based on a standard
NbN film of about 5.5 nm on a Si substrate [4] which is
sputtered grown at MSPU, Moscow. It has a
superconducting critical temperature of 10 K. For the
fabrication, we use a similar process as described in ref.[5]
for both types of mixers except for a new fabrication step
for both antenna structures. All devices are made on the
same wafer. The DC resistance versus temperature data of
HEBs from this batch, together with the earlier RF
measurements of similar batches, suggests that the
reproducibility in the performance among different HEBs is
excellent (-10 °A).

A. Spiral antenna mixer

We start with a mixer that is coupled to a self-
complementary spiral antenna. It is similar to what used in
our previous work [6]. The detailed antenna structure is
illustrated by the SEM micrograph in Figure 1, in which the
bolometer locates in the center of the antenna and has a
width of 2 lam and a length of 0.2 j.tm. The ratio of length
and width, together with the sheet resistance of the film,
defines the normal state DC resistance, which is 96 K-2 (at
low temperatures) and is in our case assumed to be same as
the RF impedance.

FIG. 1 SEM micrograph of a self-complementary spiral antenna
coupled HEB mixer on Si substrate. The NbN HEB has a width of 2
gm and a length of 0.2 gm, giving a low temperature normal state
resistance of 96 n. The dark part in the center is a remaining e-beam
resist, which is used to define the width of the HEB.

The feed impedance of this spiral antenna has been
simulated using HFSS. We made an attempt to simulate the
feed impedance by taking the Si substrate with an actual
thickness (340 pm) using HFSS. We failed to complete the
simulation because of the existence of surface waves in the
substrate due to the fact that the substrate is electrically
larger in comparison with the spiral antenna. To eliminate
the surface waves, we apply the Perfectly Matched Layer
(PML) method [7]. This provides a reflectionless interface
between the PML layer and the substrate at all incident
angles, where the surface waves are suppressed. Figure 2
shows the calculated feed impedance of the spiral antenna

on a Si substrate of 10 1.tm at frequencies around 1.6 THz.
Although in this calculation we used a thickness of 10 pm,
this result should be valid for the actual device. We find
88.6 i"-� for the real part of the impedance and only —3.3 Q
for the reactance, which is consistent with what calculated
using the textbook analytical expression for the impedance.
Having known the impedances of the antenna and the HEB,
we calculate the power coupling efficiency from the antenna
to the HEB and find it to be nearly 100% around 1.6 THz.
In the impedance simulation, we assume a zero thickness of
the metal layer and neglect any resistive loss. Furthermore,
we also neglect the effect of the main beam efficiency [8] in
estimating the coupling efficiency.

90

89-
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 88-
•
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1.50 1.55 1.60

Frequency(THz)

FIG. 2. Simulated feed-impedance of a self-complementary spiral
antenna on a Si substrate using HFSS. To suppress the surface waves,
we have to apply the Perfectly Matched Layer (PML) method. The
device simulated is identical to the one shown in figure 1.

B. Twin-slot antenna mixer

The twin-slot mixer used is illustrated by the SEM
micrograph in figure 3. The bridge has a width of 1.5 um
and a length of 0.2 i_LM, which results in a normal state DC
resistance of 130 n at low temperatures. The antenna is
designed for the center frequency of 1.6 THz and has the
following dimensions: the slot length L is 0.30X,0 with 2,,.0
(=187.5 }_tm) the free space wavelength. The slot separation
S is 0.17k0, the slot width W is 0.07L. The CPW
transmission line used to connect the two slots to the HEB
has a central line width of 2.8 [..tm and a gap of 1.4 1.1M,
yielding a characteristic impedance of 51 [9]. The RF
filter structure consists of three sections each consisting of
one high-(70 0) and one low-impedance (26 Q) segment,
all of which are quarter wavelength long. Applying the same
approach in ref. [8], we calculate a real impedance of 44 Q
for the twin-slot antenna, while a reactance of only -0.6 D.
The CPW transmission line transforms the antenna
impedance to the feed impedance of 116 Q as the real part
and 9 Q as the imaginary. We find a power coupling
efficiency of 90 % for this mixer if we take the main beam
efficiency into account, but nearly 100 % if we ignore the
effect of main beam efficiency. Note that in this calculation
we also neglect resistive loss. In essence, despite of the
different antennas, the power coupling efficiencies for both

-1

1.65 1.70
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mixers are identical.

IV. HETERODYNE MEASUREMENT RESULTS

Both mixers were characterized in the same RF test setup as
shown in figure 4. As local oscillator, we apply a gas laser
operating at a frequency of 1.63 THz. We first characterize
both HE13 mixers using a non-optimal RF setup, in which a
Si lens without anti-reflection coating is used and two Zytex
heat filters are mounted at 4 K and 77 K behind the HEB
cryostat window. In this case, RF loss in the optical path for
the hot/cold load is -4.5 dB

Power
Meter

FIG 4. Heterodyne test setup used for the measurements in figure 5.

FIG. 3. SEM micrograph of a twin slot antenna coupled NbN HEB
mixer (the upper figure). The bright area is covered with metal Au
layer, while the dark area is the Si substrate. Between the two slots,
there is a CPW transmission line that connects the slots to the
superconducting bridge. In the middle of the CPW line, the HEB is
located. The RF filter structure is shown in the right side of the
micrograph. The NbN bridge is 1.5 i..tm in width and 0.2 pm in
length, resulting in a normal state DC resistance of 130 t at low
temperatures. The inset shows the zoom of the bridge area.

Figure 5 shows DSB receiver noise temperatures together
with pumped IV curves measured for both HEB mixers.
For the spiral mixer, the minimum Trec is 1090 K found at a
bias voltage of —0.6 mV and the optimal LO power of 350
nW. The latter is determined using the isothermal technique.
For the twin-slot mixer, the minimum Tree is 1020 K at a
bias voltage of 0.8 mV and the optimal LO power of 305
nW. The twin-slot device gives a 5 % lower noise
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temperature. However, this difference is comparable to the
uncertainty of the measurement and thus we conclude that
there is no real difference in the sensitivity at 1.6 THz
between two different mixers. This result is actually a bit
surprising because there are two additional factors, which
might cause a difference in the sensitivity. The first one is
the direct detection effect due to broadband hot/cold load
blackbody radiation occurred at the Y-factor measurement
[10]. One would expect a more direct detection effect in the
spiral mixer because of its wider RF bandwidth. This effect,
based on the measurement of a comparable spiral device,
would give an increase of <10% in the noise temperature
using the standard Y-factor method. The second is the
difference in the resistance of the HEBs at operating point,
which will influence the mixer gain [3]. The twin-slot
device due to a high resistance should have better
impedance matching to the amplifier. Apparently these two
effects do not contribute a substantial difference in the
sensitivity.

To determine the ultimate receiver noise temperature of
such mixers, we replaced the lens with an anti-reflection
coated one and removed also the Zytex filters to reduce RF
loss. In addition, we added a bandpass filter (200 GHz
bandwidth centered at 1.6 THz [11]) at 4.2 K cold plate to
reduce the direct detection effect. In this case the RF loss is
reduced to —2.8 dB. We measured a Trec of 700 K in the
twin-slot mixer (without any corrections of the optical loss)
and a SSB mixer gain of --6.4 dB at a DC bias voltage of 0.7
mV and the optimal LO power of 330 nW. The value of 700
K was obtained at a reduced bath temperature of 2.4 K and
is 10 % lower than what found at 4.3 K. Note this sensitivity
is same as our earlier result using a twin-slot mixer, but after
annealing the device in vacuum [12]. Besides, we find that a
reduction of the output noise of the mixer causes the
decrease of Tree at 2.4 K after comparing the mixer gains
and output noises at two different temperatures. In this case,

o
o 2 4

500
6 10

Voltage ( mV)

FIGS. Current-voltage characteristics (full lines, left axis) of a NbN
HEB mixer without and with radiation from the QCL at 1.6 THz. The
measured receiver noise temperature Tree (symbols, right axis) versus
the bias voltage for the optimal LO power at the FIEB. (a) for the
spiral antenna mixer, while (b) for the twin-slot mixer.
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the mixer gain and the output noise are -6.1 dB and 209 K,
respectively, at 4.3 K, and -6.4 dB and 158 K at 2.4 K.

1200
200 TN data for 330 nVV at 2.4 K. I

	 Full LO
420 nW

--- 150 - 330 nW 1000
280 nVV
230 nW
no LO

22 100

0 800

50

M14T_B2, Twin slot
coated lens & bandpass filter

600
4 6 10

Voltage ( mV)

FIG 6. Current-voltage characteristics (full lines, left axis) of the twin
slot antenna coupled NbN HEB mixer without and with radiation
from the QCL at 1.6 THz. The receiver noise temperature Tree

(symbols, right axis) versus the bias voltage for the optimal LO power
at the HEB, which was measured at a reduced bath temperature of 2.4
K and with an additional bandpass filter centred at 1.6 THz.

V. CONCLUSIONS

By comparing the receiver noise temperatures of two similar
HEB mixers either using a spiral or a twin-slot antenna, we
find that they have a very comparable sensitivity, suggesting
that there is no real difference in the RF power coupling
efficiency of the antenna at 1.6 THz. The result is in a good
agreement with the calculated one based on semi-analytical
models for both antennas. Furthermore, by reducing the
direct detection effect and by reducing the bath temperature,
we measured a receiver noise temperature of 700 K using
the twin-slot mixer, which is the lowest at this frequency.
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Characterization of Diffusion-Cooled Hot-Electron Bolometers
for Heterodyne Array Receiver Applications
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3KOSMA, I. Physikalisches Institut der Universikit zu Köln, Ziilpicher Str. 77, 50937 Köln, Germany

We are characterizing the performance of diffusion-cooled hot-electron bolometers
(I-IEBs) as mixing elements for superheterodyne receivers. The objective of this work
is developing mixer technology for submillimeter and THz astronomical applications
and assessing usability for heterodyne array cameras. HEBs currently are the most
sensitive mixing devices in the THz region and in contrary to SIS mixers do not
exhibit a material dependent upper mixing frequency limit. In particular the diffusion-
cooled HEBs can offer a larger IF bandwidth than the phonon-cooled HEBs, which
gains importance with increasing operation frequency of the astronomical application.
The HEB devices were fabricated at Yale University with an in-situ two-step
deposition process on fused quartz substrates. The waveguide HEB devices consist of
a several hundred nanometer long, 10 nm thin Nb micro bridge between two normal
metal pads made of proximitized Nb/A1 bilayers that also define the RF choke
structure. DC and RF device performance at microwave frequencies (10s of GHz) is
measured at Yale University and then extended to submillimeter frequencies (345 and
810 GHz) at the University of Arizona. The submillimeter heterodyne measurements
use waveguide mixer blocks of proven design, with the 345 GHz block being a
modification of a DesertSTAR mixer, manufactured on Arizona's Kern MMP
micromilling machine, and the 810 GHz block originating from KOSMA. We will
present the fabrication process, discuss DC I-V and R-T as well as RF and IF results
and set the goals for array camera development based on waveguide mixer technology
at THz frequencies.
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Abstract—We present results of the gain bandwidth investi-
gation of NbN HEB mixers made on 1.4 pm thick Si02/Si3N4
stress less membrane, and bulk-SilSiO 2ISi3N4 . We have found
that the gain bandwidth of the devices made on these substrates
is 0.6-0.9 GHz while on bare-Si it is 33 GHz. The final objective
of this work is to process membrane based NbN HEB mixers for
a 4x4 pixel heterodyne camera for 23 and 4.7 THz. SHAHIRA
(Submm Heterodyne Array for High speed Radio Astronomy) is
a project supported by ESA.

I. INTRODUCTION

Superconducting hot-electron bolometric (HEB) mixers
have been demonstrated to be suitable devices for low noise
and wide band heterodyne receivers at THz frequencies.
Several international projects such as the Stratospheric Ob-
servatory for Infrared Astronomy (SOFIA) [1] and the Far
Infrared and Submillimeter Space Telescope (Herschel) [2]
will use HEB technology for atmospheric research and radio
astronomy. Detection of submillimeter lines of OH (2,5 THz).
HD (2.7 THz) and OI (4.7 THz) presents a high interest
for radioastronomers [3]. It provides a strong motivation for
the development of low-noise receivers for operation at THz
frequencies. Depending on the RF coupling technique mixers
are divided into two categories: waveguide mixers and quasi-
optical mixers. As the RF frequency increases, machining
of the waveguide mixers becomes more difficult. Therefore,
quasi-optical mixers are more often used above 1 THz. In a
quasi-optical heterodyne receiver the mixer (usually of a few m
in size) is coupled to a planar antenna on a dielectric substrate.
In order to minimize the back lobes, the substrates with high
dielectric constants are selected (silicon, MgO).  Moreover.
for avoiding substrate modes and for beam collimation the
substrate is clamped on the back of a spherical or an elliptical
lens. In order to make an array out of lens antenna detectors
two concepts have been proposed: a single lens for the whole
antenna array, and an array of lenses with a single antenna on
each lens (fly-eye technique). It has been discussed [4]. [5]
that scaling of both approaches to frequencies higher than 2
THz will be difficult. A few approaches suitable for scaling

both in frequency and in number of pixels of the array have
been discussed [6], [5], [7], where the HEB mixer is placed
on an electrically thin substrate (membrane). Moreover, size
of an antenna depends on dielectric constant, Er . For example,
for a slot antenna the slot length is about 0.5 A, (effective
wavelength), where A e=  A °  . The effective dielectric con-f
stant, eeff , on the dielectric/vacuum interface for the static

case is \H
i . 6, of the freestanding Si02/Si3N4 stress-less

membrane is considered to be 1, since the wavelength at 2.5
THz, 2.7 THz and 4.7 THz is much larger than the membrane
thickness when r.,. for bulk-Si equal 11.9. However, it remains
unclear what will happen to the gain bandwidth when the HEB
mixer is placed on such a membrane.

The first mixing experiments at millimeter-wave frequen-
cies, employing superconducting thin films, were performed
in 1990th [8]. Recently, technological development has mainly
concentrated on NbN HEBs. The so called phonon-cooled
NbN HEBs show very low noise (10-15 times the quantum
limit) at 0.5-2.5 THz frequencies. The -3dB gain bandwidth
achieved at the optimal operation point is about 3.7 GHz for
the devices on crystalline quartz with MgO buffer layer [9],
4.5 GHz for MgO [10], 4 GHz on Si [11], 3.7 GHz on sapphire
[12], 5.2 GHz on Si with MgO buffer layer and 2 am thick
NbN film [13].

In this paper we investigate the gain bandwidth of NbN
mixer on freestanding Si021Si3 N4 stress-less membrane.
Si02/Si 3N4 is either a 1.4 itm membrane or a buffer layer
between NbN film and bulk-Si substrate.

II. DEVICE FABRICATION ON MEMBRANE AND

MEASUREMENT SETUP

The device fabrication are made of a 35 A NbN film [14]
on bulk-Si/Si09/Si 3 N4 substrate. The superconducting tran-
sition temperature and the room temperature sheet resistance
of the film are 8.3 K and 660-700 1l/square. respectively.
The contact pads (80 nm Au) and the antenna (200 nm
Au) are fabricated, using consecutive steps of electron beam
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lithography and lift-off process. The bolometer bridge is then
covered by a Si09, which protects the NbN during ion
milling. In the next step. Ar ion milling is used to etch
away the NbN film from the whole wafer, except from the
bolometer bridge and under the antenna pads. The bolometers
are 3.5 pin wide and 0.4 pm long. To rnake membrane we
have removed Si3 N4 , Si02 layers and Si from the back
side until reaching the Si02 membrane on the top face. The
first step is done by Reactive Ion Etching. The second one
is achieved by using of the Deep Reactive Ion Etch, DRIE,
technique. The DRIE method is a time multiplexed system
where isotropic etching is altered with a polymer depositing
step, passivation. The passivation is performed with C4F8
plasma which deposits a Teflon like film on the wafer surface
and trench wall. The following etching with SEE , plasma
etches areas parallel to the surface at a higher rate than trench
walls thereby breaking through the bottom protective layer
prior to the wall passivation etching the bottom silicon [15].
The superconducting critical temperature of the final device is
1 K lower than the initial. The measurement setup is shown

Polyethylene

window

Fig. 1. Gain bandwidth measurement setup

in Figure 1. The HEB bandwidth was measured by detecting
a mixing signal from two monochromatic sources (backward
wave oscillators (BWO) for 600:700 GHz), one is used as
a Local Oscillator (LO) and the other as a signal source.
BWO RF power was combined by a 20 pm Polyethylene
beam-splitter and arrived into a liquid-helium cooled vacuum
cryostat through a window and an IR filter. The mixer block
consisted of a silicon lens with a HEB clamped on the flat
side of the lens. The mixer bath temperature was about 4.5
K. The signal source frequency was kept constant while the
LO frequency was tuned in order to measure the IF signal at
different IF. A bias-T was used to feed the bias to the mixer
and to transmit the intermediate frequency signal to room
temperature wideband amplifiers (0.1-20 GHz). The signal was
amplitude and the frequency measured by a spectrum analyzer.
The HEB bias point was controlled by the LO power and a DC
voltage source. The DC parameters of the measured devices
are shown in the Table I.

III. MEASUREMENTS RESULTS

For a single time constant bolometric mixer the mixer
conversion gain G(fIF) follows the intermediate frequency

fIF as:

G(0) 
G(fLF)

1 + (if;:n )2

where fgain is the 3dB cut-off frequency:

,f gain =
hirTmix

Tmix is the mixer time constant, which differ from the
electron cooling time re due to presence of the bias current:

r
m ix 1 — A

To
(3)

where A is electro-thermal feedback and equals:

A =-- Cderd RL R° (4)
ILL Ro

where /0 is the bias current, R0 is the bolometer resistance at
the operating point, R.L. is the IF load resistance. Trnix can be
longer or shorter of the To depending on the impedance of the
mixers in that point.

Cd, is the dc responsivity of the HEB and is defined as

Cde aP ao ap 30 Gth ao c,17
aR DI?ao dl? 1 OR Te_ph

(5)

where Gth is the thermal conductance between electrons and
phonons. V is the volume of the bolometer.

We investigated devices made on S102/5i3 N4 stress-less
membrane, bulk-Si/SiO2/Si3 N4 and bare-Si.

Gain bandwidth of 3.5 rim thin NbN hot-electron mixers
made on bare-Si was reported by many authors and averages
3.5-4 GHz. We used such device as a standard to calibrate the
set-up. At the bias point where the lowest noise temperature
can be expected, the IV-curves had negative differential resis-
tance. It is can be when the signal and LO frequencies are
not high enough so that fLo,i < 2A/h, (2/..\ is the energy
gap. It is the Plank constant). We used a heater to suppress
the NbN superconducting energy gap and to get smooth IV-
curve during this measurements. In fact, we increased the bath
temperature of the device. As an indicator we used the HEI3's
critical current, which was suppressed by a factor of 2 after
the heater was switched on. The results of the gain bandwidth
measurements for the all measured devices are shown in Table
II and Figures 2- 4.

The superconducting transition temperature of the devices
on Si09/Si3N4 and bulk-Si/5i02/Si3 N4 was lower than on
bare-Si and the critical current in the cryostat was nearly half
of the value in LHe. The mixer effective volume and 074_,
are not known exactly. Therefore, all mixers were measured
at several bias points and Pa and the mixer volume were
adjusted so the electron temperature relaxation time re is the
same for a particular sample (indeed for a phonon cooled HEB
the electron relaxation time shall be bias independent). The
operation points correspond to the optimum noise performance
of the devices which were chosen by analogy with devices are

1

65



17th International Symposium on Space Terahertz Technology P1-07

TABLE I

TETE PARAMETERS OF THE MEASURED DEVICES. FOR ALL. DEVICES THE WIDTH WAS A=3.5 pM, LENGTH R=0.4 AM, FILM THICKNESS D=3.5 nM.

Device Id. S001-16 8001-17 S001-4 S08-n
Resistance R (2) 210 217 212 111
Critic..al current at 4.21c/and in the cryostat 1(,

, (p,A) 105/55 115/49 100/52 3801320
Clritical temperature Te (K) 7.2 7.5 7.2 8.3
Substrate Si021Si3N 4 bulk-Si/Si()2/Si3N4 bare-Si
Thickness of the substra e D (pm) 1.4 400+1.4 350

TABIE II

SummARY OF THE MEASUREMENTS RESUI.TS FOR ALL DEVICES. DC RESISTANCE IN TIIE OPERATION POINT R0 =-1(1--, TEMPERATURE DERIVATIVE OF

THE RESISTANCE 4, ARE LT SED TO CALCULATE TIIE ELECTRO THERMAL FEEDBACK COEFFIC/ENT A. 7 mix 
1

IS THE MIXER TIME CONSTANT
. gain

OBTAINED FROM THE 3(11? GAIN BANDWIDTII f ga in. To IS THE ELECTRON RELAXATION TIME oBTAINED AFTER CALIBRATION OF Tmi, FOR •IIE

ELECTRO THERMAL FEEDBACK, THE MIXER EFFECTIVE VOLUME IS 2.3* 10 -3 itm3

Device Id. Bias point fgain,GHz Ro Ohm
,
, Ohm/K TTItiX 1 ps -/-0, ps

S001-16 1) 0.5mV, 24ttA 0.92 20.8 fl I 119
2) 0.5rnV, 27uA 0.73 18.5 123

S001-17 31 0.8mV, 28uA 0.95 28.6 2•0 0.25 168 126
S001-4 0 0.5m', 15uA 0.85 33 U I h 176

2) 0.5mV, 19uA 0.73 26.3 186
3) 0.5mV, 22uA 0.66 22.7 8 184
4) 0.5mV, 25uA 0.57 20 • 182

S08-n 1) 1.1mV, 26uA 4.9 42.3 200 0.05 32 31
2) 11mV, 41uA 3.7 27 200 0.312 43 23
3) 1.45mV, 30uA 5.27 48 200 0.014 30 30

1 A-' 12  R 0+- R() 

to be used for band 6 of HIFI instrument on the Herschel Space
Observatory.

The measured G(fIF) curve was approximated with a
single polynomial curve (1) and fgain was obtained mini-
mizing the standard deviation of the experimental curve from
the approximation. Then using the formulae (2) and (3) the
electron relaxation time To was calculated. Comparing To of
HEB on different substrates we analyze the effect of the
membrane on the electron cooling rate.

The To 0( ere _ph , where 7e-ph (the electron-
phonon interaction time), C, and Cp (electron and phonon
specific heat, respectively) are temperature dependent. Hot
electrons, characterized by an electron temperature 0, close
to Te , are cooled by scattering with phonons and subsequent
phonon transfer into the substrate. In thin NbN films the
electron-phonon interaction time r,_ph has been investigated
in [16], [8]:

500
re-ph 01.6[psi

The re _ph is about 21 ps at 7.2 K and 17 Ps at 8.3 K.
It shows that p_ and 're„ make the capital contribution into
To . Phonon escape time (rese ) is a characteristic time, which
determines the heat transfer rate from phonons of the film to
the substrate (the film thickness is much less than the phonon
diffusion length) and depends on the film thickness, d, and the
film/substrate acoustic match, a, [8], [17]:

4d
Tes, (7)

where .11 is the sound velocity in the film.

For NhN films on silicon and sapphire substrates -r,8„, =7d
(ps) [12], where d is in nm, on bulk MgO substrates res,
=5d (ps) [181, and on crystal quartz (Si02 ) re„ =10d (ps)
[19]. For the NbN on Si02 1Si 3 N4 membrane and on bulk-
SilSi02ISi 3 N4 has been obtained the phonon escape time
17d (ps) and 26d (ps), respectively. When it is considered that
thickness of NbN film is the same for all devices, we can
see from (7) the film/substrate acoustic match, a, can make
the difference of -r„, for different substrates, but after some
calculations we can conclude that the acoustic mismatch can
not explain the large difference of the phonon transmission
for Si, sapphire, Mg() on one side and specially Si 3 N4 on
the other side. The acoustic mismatch approach is valid under
conditions of specular phonon reflection. However, when the
phonon wavelength becomes comparable with the defects on
the substrate surface a fraction of diffusive scattered phonons
increases. As a result, the phonon transmission through the
film/substrate interface decreases. Typical specification for
the substrates surface roughness is 0.1-1nm and as is well
known, silicon, sapphire and Mg() have better surface
quality comparing to Si02 and Si 3 N4 that also confirmed by
superconductor transition temperature for the ultrathin NbN
films, which is lower for Si0 2 and Si 3N4 than on other
substrates.

IV. CONCLUSION

We have measured different devices made on bare-Si,
1.4 pm thick Si02/Si3N4 stress-less membrane and bulk-
Sil SiO2ISi3 N4 . We have found that gain bandwidth of the
devices made on two last substrates are narrower than on bare-
Si and it is not wider than 1 GHz. One reason is: Te of NbN

(6)

66



S013-n (bare_Si)

4.3 GE.ia

1000 10300
Intermediate frequercy (GHa)

17th International Symposium on Space Terahertz Technology P1-07
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Fig. 2. IF bandwidth measurements of HEBs based on Si0 2 /Si3 N4 stress-
less membrane.

s001# (bulk-SiiSi02/SON4)
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Fig. 3. The IF bandwidth measurements of bulk-Si/Si0 2 /Si3 AL4 based
HEB mixer (S001-4).

film on Si02/Si3 N4 and bulk-Si/Si0 2/Si3 N4 is lower. Other
reason is: roughness of NbN film on Si02/Si3 N4 is higher as
compared with NbN on bare-Si [20] that increases the phonon
escape time. Moreover, the gain bandwidth does not depend on
whether Si is etched from under Si02/Si3N4 membrane or
not, i.e. it is determined by the processes on the Si3N4/NbN
interface.

One way of increasing of the gain bandwidth is the increase
the critical temperature of the film, which can be done by
deposition of a buffer layer. Hopefully, it also can improve
an acoustical match on film/substrate interface. Our latest
experiments have shown that application of MgO buffer layer
on top of S• 3 N4 increases Te from 7.5 K to 11.2 K for 3.5 nm
NbN films. Measurements of these devices in progress. Other
solutions can be fabrication of the devices on SOT substrates.

Fig. 4. IF bandwidth measurements of bare-Si based HEB mixer (S08-n).
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16 Pixel HEB Heterodyne Receiver for 2.5 THz

S.Cherednichenko* a V.Drakinskiy , J.Baubertb , B.Lecomteb, F.Dauplayb , J.-M.Kriegb , Y.Delorrneb,
A.Feretb, H.-W.Htbers e, A.D.Semenove, P. Pons'.

Abstract— A 16 pixel heterodyne receiver for 2.5 THz has been
developed based on NbN superconducting hot-electron bolometer
(HEB) mixers. The receiver uses a quasioptical RF coupling
approach where IIEB mixers are integrated into double dipole
antennas on 1.5p,m thick Si 3 N4/ SiO2 membranes. Spherical
mirrors (one per pixel) and backshort distance from the antenna
have been used to design the output mixer beam profile. We
present here the results of the antenna simulations using HFSS
and ADS, as well as the beam calculations after the collimating
mirror.

Index Terms— HEB mixer, THz camera, NbN films,
membrane.

I. INTRODUCTION

All major ground based subMM/THz telescopes (AST/RO,
CSO, JCMT, 11HT, KOSMA) are now equipped with array
heterodyne receivers. Two observatories which allow for
observations above 1 THz will become operational in the next
two years: SOFIA in 2006 and ESA's Herschel Space
Observatory in 2007. SOFIA's first generation heterodyne
receivers (GREAT [1] and CASIMIR [2]) are single pixel or
dual pixel receivers. However two proposals for array
receivers on board of SOFIA have been published. These are
STAR (Universitdt Köln) and FAR (University of Arizona).
While STAR focuses on the 1.7-1.9 THz band, FAR is going
to cover a wide band from 1.5 THz to 3 THz.

NbN hot-electron bolometer (HEB) mixers [3] are currently
the devices of choice for heterodyne THz receivers. Among
the radioastronomical instruments where NbN HEB mixers are
used are: HIFI 1.4-1.9 THz band (Herschel Space
observatory); TELIS, SOFIA, Receiver Lab Telescope in
Chile (SAO), APEX. A DSB noise temperature of about
450 K has been achieved for 500-700 GHz, 700 K at 1.6THz
and 1100 K at 2.5 THz [4, 5, 6], 6400 K at 5.2 THz [7]. Above
1 THz there is no other device which can match this
performance. The local oscillator (LO) power, required to
drive an HEB mixer is 200+300 nW (determined by the mixer
size and superconducting critical temperature). Such low LO

Manuscript received May 30, 2006. This work was financed by ESA
contract 16940, and by funding from the European Community's sixth
Framework Programme under RadioNet RI 13CT 2003 5058187.
Authors are with: a) the Microwave Electronic Laboratory, MC2, Chalmers
University of Technology. SE-412 96, Gothenburg, Sweden, b) Observatoire
de Paris, LERMA, 77, Avenue Denfert-Rochereau, 75014, Paris, France, c)
German Aerospace Center (DLR), Institute of Planetary Research, 12489
Berlin, Germany, d) LAAS, Toulouse, France.
(corresponding author S.Cherednichenko, e-mail: serguei.cherednichenkog
mc2.chalmers. se).

power requirements allow for use multiplier chains which
produce >1011W power up to 1.9 THz [8]. The electron
energy relaxation time sets a limit for the highest intermediate
frequency (IF) for the 1-1E13 mixers. For NbN HEB mixers the
3dB gain roll-off frequency is 3.5 GHz [9, 101, while the noise
bandwidth is about 6 GI I,. The HEB mixers can employ either
waveguide (W(i) or quasioptical (Q0) RF coupling scheme.
The development of the former has resulted in laser silicon
micromachining [11], and electroplating technique [12].
Traditional machining has also been used up to 1.5 THz [13].
QO technique has been used up to 5TH, [7]. Comparing both
WG and Q0 techniques the challenge of fabrication of THz
receivers consisting of tens or hundreds of pixels has to be
considered. In this paper we discuss development of a Q0
HEB heterodyne camera for 2.5 TI Ii with a possibility to
upgrade it to higher frequencies. The philosophy of our design
is to have as more integrated components as possible. Such
integration could be organized on a pixel bases (completely
integrated pixels, separate pixels compose the array) or on an
array bases (separate parts common for the whole array). We
have chosen the second option, i.e. the camera consists of a
detector array, optic array, etc.

Lens antennas have been the most popular solution in Q0
receivers. A large variety of antenna types has been studied:
double slot, double dipole, spiral, log-periodical, ring slot, etc.
The choice of the antenna is determined mainly by the input
bandwidth and the embedding impedance. The beam
properties are almost the same for all these antennas and are
defined by the lenses. The antennas are fabricated on a
dielectric (semiconductor) wafer and are placed on the back
side of a spherical or elliptical lens. The lens eliminates
substrate mode loss, which is otherwise unavoidable since the
wafer thickness is larger than the THz wavelength. Beams
with up to 90°/o Gaussicity can be achieved with the
lens/antenna approach. This has been experimentally verified
at subMM wavelengths. The antennas (integrated with mixers)
are fabricated lithographically and can be numbered hundreds
and thousands on a single wafer.

Two concepts for the QO arrays exist. The first one is the so
called fly-eye approach [14]. In this case a lens is integrated
with a single detector (mixer). Then, the lenses (one per pixel)
are integrated in a ID or 2D arrays. The array's filling factor is
limited by the lens diameter, i.e. the detectors can not be
positioned closer to each other than the lens diameter. The lens
diameter can be reduced at the expense of the angular
dimension of the beam (the diffraction limited beam has a
divergence angle of F/(DA), where F is the focal distance. D is
the lens diameter, and A is the wavelength). The fly-eye
approach requires also a large amount of lenses and assembly
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procedures. However, it is quite a straightforward approach
and it is suitable for small size THz arrays.

In the second array concept a single lens is used for the whole
array [15]. In this case the detector array is made on a separate
wafer and it is attached to a single lens. The lens has to be big
in order to minimize the risk of the beam distortion. The beam
distortion collies from the fact that all detectors but one will be
placed off-axis of the lens. The distortion increases with the
ratio of 1)/d, where d is the distance from the antenna to the
lens's rnain optical axis. FlOWeVer, much larger array filling
factors can be achieved. In this case the minimal interpixel
distance is limited by the antenna dimensions (typically of the
order of the wavelength) and by the on-chip read- out
electronics.

QO RI coupling scheme can be also realized without lenses
when the antenna is placed on a substrate which is much
thinner than the wavelength. It has been shown, that in order
to avoid substrate modes the substrate has to be not thicker
than 0.02X,e, where ke is the wavelength in the dielectric, i.e. of
the order of I lAm thick. Such thin substrates are possible to
obtain by utilizing Si0 2/Si3 N4 membranes [16]. For 2.5 THz
4,=471Ani (in Si0 2/Si3N4), therefore 0.02A, =I lAm. An
interesting approach has been proposed in [17] where a
Double Dipole Antenna (DDA) on a membrane backed with a
back short was in the focus of a small parabolic reflector.
37 dB reflector gain was achieved at 2.5 THz with about 10%
bandwidth. We adopted this approach for the HEB mixer
camera which we present below.

11. CAMERA DESIGN

A. Camera architecture

A single pixel optical scheme is shown in Fig. 1. The DDA
antenna is placed on a stress less Si 31•14/Si02 membrane which
is 1.5 Rm thick. A backshort (above the DDA) reduces the
back lobe and increases the beam directivity. A spherical (or
parabolic) mirror collimates the beam. Our design is 4x4 pixel.
All 16 DDA/HEBs are fabricated on a single silicon wafer
(see in this proceedings [181). The backshort array is
fabricated by a similar technique on the same type of
membrane, and it is fixed on top of the HEB array. The mirror
array is made on a single plate which minimizes the assembly
of the camera. The HEB array is bonding to a single IF board
which includes bias-Ts, and IF connectors for all 16 channels
(see Fig. 2). The distance between pixels was chosen from the
Airy disk diameter (A=2.44AF/D, F being the F-number of the
telescope and D is the telescope diameter). We used SOFIA
telescope specifications as a mark. At 2.5 THz, we have A2,5 =

5738 urn. We fixed the distance between pixels at 6mm. Since
the radiation has to go through the HEB wafer once again after
reflection from the collimating mirror, we minimized the IF
read out line width and lead them in a way not to obscure the
beam propagation.

Fig. I. A single pixel layout. The HEB mixer is integrated in a planar antenna
with a backshort to minimize the back lobe loss. Both antenna and the
backshort are placed on thin membranes above the collimating mirror.

Fig. 2. Camera design: exploded view. From left to right: protection cap,
backshort wafer, HEB wafer, IF board, mirror plate, dc board, housing, dc
connector holder, dc connectors.

B. Antenna simulations

We used commercial software such as HFSS, ADS and CST
Microwave Studio in order to simulate the response of an
DDA with a backshort. Dipole antenna theory was used for an
initial approximation [19]. The real and imaginary part of the
antenna impedance (as seen in the HEB terminals) was
obtained as function of frequency (Fig. 4) and the antenna
geometry and the impedance matching network (Fig. 3) was
optimized that the real impedance at the resonance frequency
(2.5THz in our case) was acceptable for an HEB mixer (about
100 Ohm). The antenna response was estimated from antenna
511 parameters (Fig. 5). The results of the simulation were
verified by comparing the published double slot antenna
designs (DSA) on silicon against experimental results (e.g.
[20]).
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Fig. 3. A scanning Electron Microscope image of the Double Dipole Antenna
with the choke filter. Two section impedance transformer is used to match the
HEBs to the dipole antenna. L=82pm, S=66pm,

Fig. 4. Simulation of the impedance (real and imaginary part) of the DDA at
the HEB terminals.
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Fig. 5. Simulation of the 511 parameter of the DDA loaded on two parallel
HEBs with 200 Ohm each.

C. Beam simulations

The far filed of the DDA was simulated with the same
software. We have found that ADS simulations are fast and
differ from HFSS and CST only at the angles more than ±600
(the far field always tends to zero at 90° in ADS). 3D
simulators (HFSS and CST) require much more time and
computer resources. However they provide more precise

results (Fig. 6). We verified the validity of our calculations by
comparing DSA and DDA beam simulations to those
published by other authors (both theoretical and
experimental). We have found that withdrawing the backshort
from the DDA (on the membrane) the beam directivity
increases, however the side lobe level increases. In order to
keep the collimating mirror small enough (about 3nun in
diameter) with the DDA at the mirror's focal plane, the beam
FWHM has to be within 40°. In this case the edge taper on the
3mm mirror will be below -20dB. With the backshot at 801,tm
from the antenna we obtain the DDA beam FWHM to be
about 32° (Fig. 6) with the side lobes below -10dB. The main
beam can be approximated by a Gaussian beam with the waist
of w01

=
75 VITI. For a spherical mirror (R=5.56 mm) the output

beam pattern was calculated for several DDA positions using
GRASP (Fig. 8). For the mirror- to- DDA distance of 2.2 mm
the output beam waist is w 52

=0.6 mm. We shall note that by
using parabolic mirrors with f-numbers smaller than for
spherical mirrors the DDA can be positioned closer to the
mirror. Therefore the backshort can be put closer to the DDA.
It will result in lower side Lobes with still low beam truncation
at the mirror edges.

Mar 2006

Fig. 6. Simulation of the DDA (on membrane) far field beam pattern with a
200 pm x200 pm backshort at 80 pm above the antenna plane).

F=2.2mm A=80 gm

wo2=0.6min

00=3.3'_ N44:=75.1nA

R=4.56 mm

Fig. 7.The beam tracing from the DDA through the collimating mirror. The
DDA beam was approximated (using Fig. 6) as a Gaussian beam with a waist
of 75 pm. The output beam has a waist of 0.6mm which corresponds to the
divergence angle (by 1/e 2) of 3.3°. The calculations are done for 2.5 THz.

DDA backshort
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1 : j  Beam patter of the DDA/spherical inirror system. The mirror is
3min is diameter sphere with the radius of curvature of 4.56 mm. The
beam waist is 0.6mm when the DDA is 2.2mm away from the mirror
apex.

III. CONCLUSION.

In the conclusions we can summarize that: the HEB
technology allows design and fabrication of heterodyne
cameras from both LO power requirements (not more than
200 nW per pixel), and noise performance (Te-10hv/k),
quasioptical mixers on membranes enable quite
straightforward fabrication of arrays of 16 pixels and more;
the approach can be scaled up in frequency without any
substantial redesign; such software as ADS, HFSS, CST
Microwave Studio can be used for simulations of both 5-
parameters and beam properties of THz planar antennas.
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Double-slot and double-dipole antennas are one of the main choices in quasi-
optical sub-millimetre heterodyne receivers design. Being easily adapted to planar
technology, they are wildly used for their frequency and polarisation selectivity,
symmetrical gaussian beam shape.

This type of antenna will resonate, in theory, at the frequency determined by
antenna's length. But frequency shift may take place and depend on the electrical
characteristics of the antenna's substrate or the device connected to the antenna.

In this paper, we'll report on the analysis results of the frequency shifts
observed on the membrane based double-slot HEB receivers working around 2 THz.
Intensive simulations have been performed with CST Microwave Studio and have
shown that several technical parameters (such as HEB's impedance, dielectric constant
of the substrate, ...) can strongly influence the resonance frequency given by the
antenna's length.

These analysis and the comparative study between simulation and FTS
measurement will lead to the understanding of the observed frequency shift as well as
to control or guide some technical parameters' choice during the receiver's design and
fabrication.
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Intermediate Frequency Bandwidth of a Hot-
Electron Mixer: Comparison with Bolometric

Models

Alexei Semenov, Konstantin Il'in, Michael Siegel, Andrey Smirnov, Sergey Pavlov, Heiko Richter,
Heinz Wilhelm Htibers

Abstract-The gain bandwidth of a superconducting NbN
hot electron mixer quasioptically coupled to radiation was
evaluated in different operation conditions and compared to
presently known bolometric mixer models. Heterodyne regime
was obtained with a 2.5 THz quantum cascade laser as a local
oscillator and alternating thermal loads and also by mixing
radiation of the quantum cascade laser and a gas laser. The
results rather agree with the hot spot mixer model than with
any of the homogeneous bolometrie models.

Index Terms - bolometers, gain measurements,
superconducting devices, thin film devices.

I. INTRODUCTION

S
HORTLY after the introduction of superconducting

10 thin-film hot-electron bolometric mixers [1,2] their
usable intermediate frequency (IF) band has been
recognized as one of the most important parameters. In
terahertz heterodyne applications, this is the lack of tunable
radiation sources that enhances the importance of the gain
bandwidth of hot-electron bolometric mixers. Since the
factors limiting the bandwidth are the thermal coupling of
the film to a substrate and diffusion of electrons and
phonons in the film (for details see e.g. the reviews [3]),
great efforts were made in order to decrease the thickness
and the lateral size of the mixers as well as to find an
optimal substrate material for a particular superconducting
film. During the last decades suitability of many materials
for heterodyne detection were evaluated but only NbN and
NbTiN superconducting films met the requirements of
practical applications [4]. For bolometers made from NbN
films, phonons leaving the film through the film-substrate
interface dominate the cooling process. Substrates from
crystalline MgO [5] have demonstrated the best thermal
coupling to NbN films whereas substrates from Si, although
providing a slightly weaker coupling, have been shown
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[6,7] to better compromise with all practical constraints.
There is no common opinion on whether the thermal
coupling to a substrate [8] or the intrinsic interaction times
[9] limit the IF bandwidth of mixers from NbTiN films.
However, independently on the substrate used, these mixers
exhibit a bandwidth noticeably smaller than mixers from
NbN films.

Besides the practical importance of realizing a possibly
large IF bandwidth, studying the bandwidth variations with
the change of the mixer operation regime allows one to
better understand the mixing mechanism. The bolometric
models introduced so far are the homogeneous hot-electron
models [10, 11, 12] and the hot-spot model [13,14] with the
zero phonon escape time. In this paper we compare the IF
bandwidth measured at 2.5 THz for the NbN hot-electron
mixer with the predictions of these two models and with
earlier published data.

II. DEVICE FABRICATION AND MEASUREMENTS

The films were deposited on optically polished R-plane
sapphire substrates by DC magnetron sputtering of pure Nb
target in Ar+N2 gas mixture. The substrates were laid on the
surface of a heater without any thermo-conducting glue. The
temperature of the heater during deposition was kept at
750 °C. The base pressure in the sputtering chamber was
approximately 2-10 -7 mbar at room temperature and reached
an order of magnitude higher value when the temperature of
the heater increased to 750 °C. During deposition the partial
pressure of Ar and N2 was 5-10 -3 mbar and 7-104 mbar,
respectively. The nominal deposition time was 14 sec.
Using ellipsometry we found for our films a thickness of
5 ± 1 nm that corresponded to a deposition rate of

0.65 mu sec -1 . The superconducting transition temperature
Tc taken as the temperature corresponding to the offset of
the film resistance was measured for freshly deposited films
by means of the standard four-probe method. Depending on
the stoichiometric composition, Tc varied between 9.5 K
and 11 K whereas the width of the transition was 0.9 K
and remained almost unchanged for all compositions. The
surface resistance of our films at the maximum of the
temperature dependence of the resistance amounted at

1000 C� per square that was approximately 1.3 times larger
than the square resistance measured at room temperature.
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Fig. 1. Picture of the log-periodic antenna and the slit in the center (inset)
taken with a scanning electron microscope.

The hot-electron bolometers were manufactured by
means of electron-beam lithography in the following three-
step sequence. First we wrote a set of global and local
alignment marks in an electron-beam resist layer from
polymethyltnethacrilate (PMMA) spun to a thickness of
200 nm on a bare NbN film. Then we deposited a Ti/Au
(10/50 nm) bi-layer for the lift-off process. Due to a high
material contrast between NbN and Au, such bi-layer
formed high quality (sharp and strait) alignment marks
which were easy to recognize even under relatively thick
resist layers used in the next fabrication steps. Second we
opened the window for the antenna in the newly spun
400 nm PMMA and deposited in the opening a 250-nm
thick Au layer sandwiched between two 10-nm Ti layers.
The length of the bolometer was defined at this stage as the
width of the slit between the antenna arms. The third
lithography was made in the negative electron-beam resist.
In the center of the antenna we formed a rectangle from the
resist that defined the width of the bolometer. Finally, using
the rectangle and the top titanium layer of the antenna
structure as masks, we removed the unprotected part of the
NbN film by ion milling. Typically bolometers with a size
of 2 x 0.25 pm2 (width x length) had Tc 7.8 K and a
resistance of 160 n at the room temperature. Fig. 1 shows
the antenna and the central slit where the bolometer is
located.

Radiation was coupled to the bolometer by an extended
hemispherical Si lens. The bolometer with the lens was
cooled to 4.5 K in a cryostat with optical access through a
polymethylpentene (TPX) window kept at the room
temperature and a quartz filter mounted on the 77 K screen.
The noise temperature and the conversion efficiency were
measured with a conventional radiometric method in that
radiation of a local oscillator (LO) at a frequency of 2.5 THz
was applied to the bolometer and its response at the
intermediate frequency to alternating hot and cold loads was
recorded with the lock-in technique. The loads were at an
air distance of 50 cm from the cryostat window. We have
verified that attenuation of water vapors in the upper and
lower sub-bands of our IF band varied in the range smaller
than 0.2 dB. Radiation of the load and the local oscillator
was combined by a Mylar beam-splitter with a thickness of
61Am. A chain of broadband cooled low-noise and room
temperature amplifiers raised the level of the response
signal. In order to maximize the response we eliminated
truncation of the bolometer field of view and fully covered
it with the loads. The transmission coefficient S2i of the IF

Fig. 2. Set of dc voltage-bias characteristics for few (increasing from top
to bottom) levels of the LO power. The upper curve was taken without LO
power. IF bandwidth and the noise temperature were measured in the
operation conditions shown by encircled points.

amplifiers was directly determined as the portion of the
-white" noise passing through the chain. The Johnson noise
in excess to the intrinsic noise of the first amplifier was
produced by the same bolometer driven in the normal state
by a sufficiently high LO power. The IF response of the
bolometer was then normalized with the S21 parameter that
gave us the relative conversion efficiency. The use of a very
stable quantum cascade laser (QCL) [15] as a local
oscillator made it possible to sample the IF band with a
resolution of 2 MHz. The mixer was dc voltage-biased to a
value corresponding to the smallest measurable noise
temperature. The IF dependence of both the mixer noise
temperature and the response was then measured at different
levels of the LO power, which in tern resulted in different
bias currents. Fig. 2 shows dc bias characteristics taken at
different LO levels. The point labeled -B" (normal state, no
bias) was used to measure the transmission of the IF chain.

We complemented this technique by mixing radiation of
the QCL and a gas laser with our bolometer. In this case the
IF signal of the bolometer mixer was normalized with the IF
signal of an Schottky diode backed by the same amplifier
chain (only room temperature amplifiers were used in this
experiment). The gas laser was operated at a constant power
acting as local oscillator. We scanned the IF band by tuning
QCL-frequency with the dc current-bias. A non-stabilized
line-width of the QCL less than 1 MHz was sufficient to
provide desired accuracy of the gain measurements.

III. DATA AND ANALYSIS

The noise temperature and the normalized conversion
efficiency related to the position of the load are shown in
Figs. 3 and 4, respectively. Data shown in the pictures were
acquired in the conditions labeled with -11)" in Fig. 2. Since
the mixer noise due to thermal fluctuations decreases along
with the mixing product, the noise temperature slowly varies
at low intermediate frequencies and exhibits an upturn when
the thermal noise drops below the frequency independent
Johnson noise. Standing waves in the mixer bias board and
also between the board and the first amplifier resulted in the
resonance peaks seen in the IF dependence of the noise
temperature in Fig 3. As a result of the normalization
procedure, which we used to obtain the relative gain, the
peaks almost disappeared in the IF dependence of the
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Fig. 3. Noise temperature referred to the position of the load as function
of the intermediate frequency.

conversion efficiency (Fig. 4). The normalization
enormously enhanced the accuracy with which the roll-off
frequency of the conversion efficiency was determined.
Two methods of gain measurements provide complementary
results that coincide fairly well in the frequency range from
0.5 GHz to 2 GHz where the methods overlap. We obtained
a 3-dB roll-off frequency F0 by fitting our experimental IF
dependence of the gain with the following relaxation
dependence

1 
G(F)= „

1+ kF/For

where F denotes the intermediate frequency. Thus defined
roll-off frequencies are plotted in Fig. 5 as function of the
bias current. With the decrease of the LO power (increase of
the current) the experimental IF bandwidth decreases from
3.5 GHz to 2.2 GHz. The median value reasonably
corresponds to the gain bandwidth of 3.7 GHz measured
[16] for somewhat thinner mixer devices on sapphire
substrates. Along with the decrease of the bandwidth the
noise temperature passes the minimum at the LO power
corresponding to F0 r=1 2.5 GHz. We shall emphasize that the
minimum value of the noise temperature presented in the
Fig. 5 is related to the hot-cold loads. The noise temperature
related to the tip of the lens amounts at 1050 K that is close
to the best values reported at 2.5 THz.

We compare measured IF dependence of the relative gain
with the predictions of the PV [10], KE [11] and NS [12]
models (abbreviation is made in all three cases after the
names of first two authors). Formally, it is possible to fit
experimental data with either model. However each fit
would require different fitting parameters. The criterion for
applicability of the particular model should be coincidence
of the parameters extracted from the fitting procedure with
the known material parameters. In the framework of the PV
model the IF dependence of the relative gain is

2

G „ (0) = (041 2 = 
1 + for, 1 + for,

1 1 + for, (2)

where co = 2 r F and the characteristic times r, r2 and r3 are
connected with the electron-phonon interaction time reph,
phonon escape time r„ and the ratio kph = Ce1Cph of the
electron ce and phonon c ph specific heat as follows

Fig. 4. Relative conversion efficiency of the mixer measured with the hot-
cold technique (solid noisy line) and by means of the mixing product of
the QCL and the gas laser (open triangles). Smooth lines show the model
gain that was computed in the framework of the KE (dotted) NS (solid)
and PV (dash-dotted) models with the same set of mixer parameters.

1
1 ( 

res — = —
Ti 2 eph

r
 es

1 1 es 
4- r 0

T
2
	2

r eph
r

 es

T
— T r eph

1 3 TephTes

The KE and NS models include the heating of the mixer
by the bias current and the electro-thermal feedback through
the IF load. These are essentially the same phenomena that
are responsible for the decrease of the response time of a
voltage-biased transition edge sensor [17]. Formally the
effect of the feedback is described with the self-heating
factor C. It can be extracted from the dc bias characteristics
as C = (Rd-R)1(Rarl-R) where Rd and R are the differential and
dc resistance of the bolometer in the operation conditions. In
both models the relative gain of the mixer connected to an
IF load with the real resistance R0 can be presented as

G(co) =  
IC(R— R 0 )+ (R + R0) 

IC (R — R 0 )+ + Ro
 ) C

0 
(W)I2

with either co(w)= 17(4 1 in the NS or Aw) 1+] co ro in the
KE model. The KE model relies on an approximation of the
PV model at reph >> Reph r„ that fairly good describes e.g.
Nb bolometers. In the NS model the effective temperature
of phonons Tph is supposed to differ from the effective
electron temperature T. and has to be calculated via steady-
state energy balance equations. The difference between T ph

and Te influences the interaction times and the specific heat
ratio. Fig. 4 shows the relative gain that we have computed
in the framework of each model with the same set of
parameters. Experimental data (C = 0.55) are best fit by the
NS model with res = 38 ps assuming the following
temperature dependences of the parameters:
r
eph [Ps] = 474 T -1 6, cph = 9.8 T 3 and ce = 280 T (C h and Ce

are in J cm-3 K-1 , temperature in Kelvins). We computed
T ph = 6.9 K using Te

=
 7.5 K that was the value found from

the superconducting resistive transition R(T) for the actual
dc resistance of the bolometer. The best-fit parameters
coincide with the parameters concluded from the pulse
measurements [18] if one assumes res[ps] = 8 d [nin] where

(1)

Rephr es

(4)
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Fig. 5. IF bandwidth (open symbols) and the noise temperature (closed
symbols) measured at different levels of the LO power are shown as
function of the corresponding bias current. The .broken solid line is to
guide the eyes. Smooth lines show the IF bandwidth computed with the
hot-spot model (solid line) and with the NS model (dashed line).

d is the bolometer thickness. Fitting the experimental gain
with the KE model would require a noticeably larger
r

es 130 ps.
Defining the model bandwidth as the 3-dB roll-off

frequency of the model gain and using the experimental
values of C and Te, we computed the bandwidth for each LO
power. The bandwidth obtained with the NS model (dashed
line in Fig. 5) is obviously inconsistent with the
experimental data. Similar disagreement was found for other
two uniform bolometric models.

The hot-spot (HS) approach, which was used [14] to
analytically evaluate the IF bandwidth, invoked the velocity
of the boundary between the normal spot and
superconducting portion of an infinitely long bolometer.
The velocity was found by solving time dependent diffusion
equations for hot-electrons. Phonons with their actual
temperature can also be included at the expense of analytical
transparency [19]. For the limited range of bias currents the
HS-model gain is

-2

( J 2 p„ rd 1 +icor,
(Tc, —T)

, (5)

where J is the density of the bias current an pn the normal-
state resistivity. The current dependence of the IF
bandwidth computed with Eq. 5 is shown in Fig. 5 with the
solid line. The HS model follows the trend in the
experimental data. However, the approximation of a free
normal domain is still too schematic. It does not take into
account the effect of the contacts that restricts the movement
of the domain walls and thus decreases the bandwidth. This
is most likely the reason for the disagreement between the
model and the experiment at small currents when the size of
the normal domain approaches the length of the bolometer.

In conclusion, we have shown that, contrary to
homogeneous bolometric models, the hot-spot model of the
hot-electron mixer describes both the intermediate
frequency dependence of the mixer gain and the variation of
the bandwidth with the applied local oscillator power.
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Cryogenic HEMT IF Low-Noise Amplifiers

Fernando Rodriguez-Morales, Sigfrid Yngvesson, Dazhen Gu, Eyal Gerecht,
Niklas Wadefalk, Ric Zannoni, and John Nicholson

Abstract—We are proposing a general approach to find the
optimal coupling conditions between a NbN HEB mixer and
its corresponding HEMT IF amplifier. We present our progress
towards the development of suitable models for the analysis of
the mixer/LNA sub-system in HEB terahertz down-converters.
Our modeling approach takes into account parasitic reactances
from the antenna and coplanar waveguide (CPVV) structures,
wire-bonds, the effect of the biasing networks, etc. We discuss the
implementation of a lumped-element matching network designed
based on the optimal matching considerations, which can in
principle be integrated into an MMIC LNA. Finally, we suggest
packaging schemes to further reduce the size of the integrated
receivers in order to accommodate a larger number of pixels in
a focal plane array.

Index Terms— HEB mixers, integrated terahertz receivers,
MMIC low-noise amplifiers, HEB IF impedance.

L INTRODUCTION

H
OT ELECTRON BOLOMETRIC (HEB) mixer technol-
ogy is gradually reaching maturity, and a wide range

of new applications is presently emerging. The technical
interest in HEB receiver systems is being shifted towards
the development of imaging arrays for surveillance and bio-
medical applications [1], in addition to the more traditional
radio-astronomy receivers. In such systems, it is essential that
the HEB mixers are placed in close proximity with the inter-
mediate frequency (IF) amplifiers, in order to realize a small
size array while achieving the minimum inter-element spacing
required for enhanced spatial resolution. The integration of
HEB mixers with MMIC IF amplifiers has been addressed in
previous papers by the authors [2], [3]. These receivers have
demonstrated near-quantum limited noise performance (in the
range of 10-20x hflk) and very wide effective IF bandwidths
(up to 5 GHz).

In these detectors, the effective bandwidth is predominantly
constrained by a non-trivial relationship between the mixer
and the LNA. Modeling this interaction both accurately and
rigourously has been a major challenge, particularly because
presently available models for HEBs lack completeness [4],
[5]. Furthermore, the noise parameters of the amplifier change
as the IF output impedance of the phonon-cooled mixer varies
for different operating conditions [6].

In order to better understand this mutual coupling and
thereby optimize the performance of the integrated down-
converters, it becomes necessary to develop suitable models

F. Rodriguez-Morales. K.S. Yngvesson, D. Gu, E. Gerecht, R. Zannoni, and
J. Nicholson are with the University of Massachusetts at Amherst, Amherst,
MA 01002 USA (e-mail: frodriRuCiPecs.umass.edu); N. Wadefalk is with
Chalmers University of Technology. SE-412 96, Gtiteborg, Sweden.

Fig. 1. Inside view of the fixture employed for LIEB impedance characteriza-
tion. The antenna shown in this picture corresponds to a twin-slot design (used
for 750 GI-Iz and 1.2 respectively). A log-periodic antenna structure was
used for 1.6 THz

that will be useful in deriving optimum design guidelines for
an HEB-HEMT system, as was done by Weinreb for the SIS-
HEMT case [7]. This paper presents our progress towards
the development of such models. We start by discussing
methodologies to accurately determine the HEB IF output
impedance for different dynamic conditions, using Automatic
Network Analyzer (ANA) measurements. Next, we discuss
different alternatives to accomplish the optimal coupling of the
HEB mixer with the IF amplifier. Finally, we propose different
packaging schemes in order to use the optimized receivers as
the basis for compact arrays with denser element population.

II. IF SMALL SIGNAL IMPEDANCE MEASUREMENTS

We have obtained the small signal IF impedance Z of
various receiver devices operating under different dynamic
conditions. The magnitude and phase of the scattering pa-
rameter S i  have been measured under the presence of LO
laser illumination and dc-bias, using an Agilent E5071B ANA.
The measurements have been completed on three separate
devices for three different 1,0 frequencies: 750 GHz, 1.2 THz,
and 1.6 THz. For the 750 GHz and 1.2 THz experiments
we used twin-slot antennas integrated with 4 pm x .5 pm
HEB devices. The device under test (DUT) for 1.6 TI-Iz had
dimensions 4 pm x .6 pm and was inte,grated with a self-
complementary log-periodic antenna. The IF range used was
300 kHz to 5 GHz, which covers the typical IF bandwidth
for most phonon-coole(.I NbN HER mixers. The measurements
required an initial one-port short-open-load SQL) calibration
inside the cryostat, in contrast to the TRL calibration eniployed
in [8]. The calibration was done by putting each of the
standards into the dewar in three consecutive thermal cycles
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Fig. 2. Examples of Smith chart plots of the parameter S i obtained for two different devices under different biasing (optimum) conditions: (a) 750 (J to
LO for 0.5 in''. 39 pik; (b) 1.6 THz LO for 0.5 ITN, 4( fiA; and (c) superconducting short used as reflect standard for de-embedding.

and measuring the corresponding S ii using the ANA. The
power level from the network analyzer was -48 dBm. The
specimens were mounted on a special fixture (shown in Fig 1),
which includes a broadband biasing circuit constructed from
quartz wire-bondable resistors.

The stability properties of HEB devices change with differ-
ent biasing networks [9] and the source impedance presented
to the LNA is slightly affected by the parasitics introduced
by this circuit. Therefore it is important to complete these
measurements with the same biasing scheme as will be used
in the actual receivers. The use of resistors with a high self-
resonant frequency (SRF) facilitates removing the effect of the
dc-network from the measurement via de-embedding, which
is convenient for device modeling.

A. Raw Reflection Coefficient

Fig. 2 shows examples of Smith chart plots of the reflection
coefficient for two of the measured devices, as obtained with
the network analyzer. These are the actual source impedances
seen by the low-noise amplifier at the given operating points,
including parasitic reactances in the circuit derived from the
antenna structure, wire-bonds, transmission line transitions,
etc. Though the HEB impedance determines the main con-
tribution to the total input reflection coefficient of the LNA,
parasitic reactances in the circuit should not be neglected
when designing the appropriate input matching network for
minimum noise.

B. HEB Impedance De-Embedding

The HEB IF small signal was carefully de-embedded from
the the measured reflection coefficient (S 11 ). The preceding
SOL cryogenic calibration was used in combination with the
S-parameters of two measured known loads (superconducting
and normal state of the bolometer, respectively) to obtain a
circuit model for the fixture parasitics. Computer simulations
were then used to predict the response of an open circuit in
place of the HEB device. A one-port error model was then
obtained by means of the above new "standards". The error
model accounts for the directivity error e00 , the source match
error en, as well as the reflection tracking error (e10 e01).
Using these error terms, the HEB IF small signal impedance

Fig. 3: De-embedded impedance for an HEB receiver device operating at
750 GHz: (a) Real part, and (b) Imaginary part.

2 3 4 5 0 1 2 3 4
IF Frequency [GHz] IF Frequency [GHz]

(a) (b)

Fig. 4. De-embedded impedance for an HEB- receiver device operating at
1.6 THz: (a) Real part, and (b) Imaginary part.

can be accurately extracted from the microwave reflection
measurements. Fig. 3 and Fig. 4 show the de-embedded results
for two of the measured devices. The * symbol indicates the
optimum conditions for minimum receiver noise, which were
found after subsequent noise measurements were performed
on these devices.

C. Discussion

There is a strong correlation between the numerical value
of the dynamic differential resistance obtained from the dc IV
curves, dV/d/, and the real part of the impedance, Ref Z1.
This holds true specially for IF frequencies between 1 to
5 GHz, where the impedance is also dominated by its real
part. As expected, the reactive part of Z is purely capacitive
over the entire frequency range.

The corresponding dV/di for different operating points
appears in Tables I and II. These tables also include a summary
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TABLE I

SUMMARIZED RESULTS FOR Z AND dVidl AT 750 GHZ,

Operating
Point

RefZI[Ohms]
I Gliz/4GHz

Im{Z}[Ohms]
1 GHz/4GH7

diildi

[Ohms]

0.25 inV, 25 /IA 42/35 -4/0 24

0.50 mV, 39 fiA* 60/42 -23/-11 84

0.75 mV, 40 /LA 85/58 -39/-18 114

1.50 mV, 40 1LA 158/95 -93/-31 190

TABLE II

SUMMARIZED RESITT,TS FOR Z AND d rldi AT 1.6 THz.

of the results presented previously in Figs. 3 and 4. Fig. 5 dis-
plays the ratio between Re{Z} and di% I di (0) throughout the
important IF range, which has been calculated to emphasize
the above correlation. This ratio remains in the order of 0.5-
0.8 for biasing points near the optimum. For the 750 GHz
device the measurements are in fair qualitative agreement
with the so-called standard model (uniform bolometer heating)
[8], [10], while being substantially different for 1.2 THz
(not shown) and 1.6 THz. It is noteworthy that 750 GHz is
below the bandgap frequency of the superconductor, which
may partly explain this discrepancy. More measurements need
to be performed at 1.0 THz and above in order to resolve
the deviation of these results from the standard model and
to better understand the dependency of Z with respect to
frequency, biasing conditions, and device parameters. To date,
we have developed the capability for accurately determining
the reflection coefficient seen by the IF amplifier as well as
the contribution of the HEB IF output impedance alone.

III. HEB-LNA COUPLING

In order to realize the best trade-off between low-noise fig-
ure and wide bandwidth, the coupling between the HEB mixer
output and the HEMT LNA input needs to be studied. This
analysis evidently requires the knowledge of the impedance
presented by the HEB and surrounding circuitry, which was
the center of our discussion in the previous Section. Once
this source impedance is known through either modeling or
measurements, an appropriate input matching network (IMN)
can be designed to transform the HEB IF output impedance
into the intended optimum source impedance Zop t required
by the LNA (Fig. 6). Since the input impedance of a HEMT-
based amplifier is mainly dominated by the gate-to-source
capacitive reactance of the first transistor stage, the IMN
should behave as a series inductor. Such IMN has already been
successfully implemented by our group in the form of a multi-
section microstrip transformer but other alternatives are being

Fig. 5. Ratio between the real put of Z and the differential dynamic
resistance for different operating points for: (a) 750 GHz LO; (hi 1.6 THz LO.
For the 750 GHz LO and low IF frequencies p is nearly unity, in agreement
with the standard model.

1 2 4 6 8 10 12
Frequency [GHz}

Fig. 6. Simulated optimum input reflection coefficient "'opt for our
previously developed MMIC LNA (without any matching network),

investigated. The use of a lumped-element matching network
or wire-bonds as inductive elements as proposed in [11]
(Fig. 7), will help further reduce the size of the HEB down-
converter while maintaining the low-noise characteristics.

IV. NEW ARRAY PACKAGING SCHEMES

Our group has previously demonstrated the first heterodyne
focal plane array receiver unit designed for operation at ter-
ahertz frequencies. This FPA module uses integrated receiver
elements arranged in a fly's eye configuration [2]. The number
of elements in such array can be augmented straightforwardly
up to 2 x rt. Nevertheless, for a larger FPA this approach
would lack adequate space for complete IF and DC-bias
circuits and will present potential difficulties in thermal power
dissipation. To overcome these problems, future extensions to
our work include investigating alternative packaging schemes
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V. CONCLUSION

Highly integrated receiver modules with high functionality
can be very attractive for imaging and other terahertz applica-
tions. We are addressing the modeling of the optimal coupling
between HEB mixers integrated with HEMT IF amplifiers.

As a first step, we have developed de-embedding routines
to obtain the HEB small signal impedance as a function
of IF frequency and under various operating conditions. We
have discussed the correlation between the real part of the

4 6 8 10 12 impedance and the dynamic resistance of the mixer. We have
2

	

	 also been able to accurately determine the source impedance
presented to the LNA by the HEB chip and sun-ounding

Fig. 7. Noisep erformance variation of ourp reviously developed MMIC LNA
IF amplifier for different input matching circuit Ths. e + symbol corresponds circuitry. We have proposed various alternatives for an optimal
to an hypothetical ease in which the HEB 

1 
iitipedance is purely real and input matching circuit for the LNA, which can be integrated

equal to 200 Q. into the amplifier itself. Lastly, we have started the investiga-

Frequency [GHz}

Fig. 8. The proposed configuration for the prototype 2 x 2 element terahertz
heterodyne focal plane array; (inset) Placement of IF MMIC LNAs.

to integrate all the receiver elements more compactly, using
a three-dimensional configuration. An illustration of one such
prototype FPA is presented in Fig. 8.

An important feature of this layout is the incorporation
of polyimide (Kapton) ribbons with CPW transmission lines
designed to carry the IF and dc-biasing signals. These Kapton
lines minimize the thermal conduction from the HEB board
(which is at 4 K) to the IF board in Fig. 8. The IF board con-
taining the MMIC LNAs can be cooled to a higher temperature
(15 K to 20 K) without affecting the noise performance of
the chips. We have started investigating the properties of the
flexible CPWs in order to achieve highly integrated FPAs. As
a first step we have performed full electromagnetic analysis
of the response of a CPW transformer fabricated on flexible
substrate (i 7.=3.5). The circuit has been designed as the IMN
for our previously developed MMIC LNA. The simulations
include the effect of the wire bonds used to contact the
HEB and LNA chips at either end of the transformer. The
performance of this transformer is comparable with that of
the microstrip implementation over the entire band of interest.

tion of new packaging schemes for array receivers. These new
schemes include the development of highly integrated modules
connected in a three-dimensional configuration using Kapton
CPW lines. These HEB down-converters will be the basis of
large FPAs for the next-generation terahertz imagers.
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Influence of the direct response on the heterodyne sensitivity of
hot electron bolometer mixers

J.J.A. Base/mans, A. Baryshev, M. Hajenius, J.R. Gao,TM. Klapwijk, B. Voronov, and
G. Gol'tsman

We present a detailed experimental study of the direct detection effect in a small volume
(0.15pm x lpm) NbN hot electron bolometer mixer. It is a quasioptical mixer with a twin
slot antenna designed for 700 GHz and the measurement was done at a LO frequency
of 670 GHz. The direct detection effect is characterized by a change in the mixer bias
current when switching broadband radiation from a 300 K hot load to a 77 K cold load in
a standard Y factor measurement. The result is, depending on the receiver under study,
an increase or decrease in the receiver noise temperature. We find that the small signal
noise temperature, which is the noise temperature that would be observed without the
presence of the direct detection effect, and thus the one that is relevant for an
astronomical observation, is 20% lower than the noise temperature obtained using 300 K
and 77 K calibration loads. Thus, in our case the direct detection effect reduces the
mixer sensitivity. These results are in good agreement with previous measurement at
THz frequencies [1]. Other experiments report an increase in mixer sensitivity [2]. To
analyze this discrepancy we have designed a separate set of experiments to find out the
physical origin of the direct detection effect. Possible candidates are the bias current
dependence of the mixer gain and the bias current dependence of the IF match. We
measured directly the change in mixer IF match and receiver gain due to the direct
detection effect. From these measurements we conclude that the direct detection effect
is caused by a combination
of bias current reduction when switching form the 77 K to the 300 K load in combination
with the bias current dependence of the receiver gain. The bias current dependence of
the receiver gain is shown to be mainly caused by the current dependence of the mixer
gain. We also find that an increase in receiver sensitivity due to the direct detection
effect is only possible if the noise temperature change due to the direct detection is
dominated by the mixer-amplifier IF match.

[1] J.J.A. Baselmans, A. Baryshev, S.F. Reker, M. Hajenius, J.R. Gao, T.M. Klapwijk,
Yu.Vachtomin, S. Maslennikov, S. Antipov, B. Voronov, and G. Gol'tsman., Appl. Phys. Lett. 86,
163503 (2005).

[2] S. Svechnokov, A. Verevkin, B. Voronov, E. Menschikov. E. Gershenzon, G. Gol'tsman, 9th
Int. Symp. On Space THz. Techn., 45, (1999).
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Quantum Noise in Resistive Mixers

Harald F. Merkel, Biddut K. Banik
aChalmers University of Technology

ABSTRACT
Release E : Derivation of the quantum noise of a mixer using second order quantization methods

Keywords: quantum noise

1. QUANTUM THEORY OF DIRECT DETECTION
In order to establish some necessary relations, let us consider first a quantum physical approach to direct
detection. There the receiver (i.e. a diode) generates a certain amount of photoelectrons per incident detected
photon. The quantum efficiency 

i 
is assumed unity in the following sections. The detection of the incident

radiation is equivalent to the counting operator of the incident photons. The charge operator Q go‘Terning the
photon absorption and ideal photoelectron generation in a diode is given by the scalar product of a field operator
A with its hermitian applied to any initial and final quantum state ci. This scalar product yields the number of
photoelectrons when multiplying the scalar product with the carrier charge q

= q A t A (1)

Then the net charge (C2) absorbed in the diode during a coherent state a becomes:

(C2) := (41a) = q(alit t Ala) = qlo/1 2 = q (n) (2)

Applying the commutator on the numbering operator, we can calculate the second order moment after sorting
the operators in creators and destructors as follows:

( -02 ) : = (ct1(22 1a) q2 (ct l AtAAt Aia) — q2114 q21 2 q2 (,n )2 q2 0,0
(3)

( 2) (C2)2 (12 (n) (4)

It is important to note that the squared variance of the charge absorbed in the diode is equal to the number
density indicating that the photon and the subsequent electron flow is completely uncorrelated. As a consequence
there is a one-to-one correspondence between the photon flux and the flux of the generated photoelectrons. As we
will sec later, this is the major difference between a diode and a bolometric receiver where the photons "integrate
up" and create a hot spot. This causes the variance to be only half a BF quantum in the limit of an infinitely
slow bolometer whereas the mean value is obtained in the same way as for the diode.

Chalmers University of Technology, MC2, Kemigarden 9 SE 412 96 Goteborg, Sweden
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(Q) = 21aLoaR.F I cos( PRE LO)t) ± l a LO
2, 12

-I- I RFI (12)
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2. COHERENT QUANTUM LIMITED HETERODYNE DETECTION
Superimposing a Local Oscillator and a Radio Frequency Signal one arrives at a field in front of the mixer as:

, . '
B =-- ALO ± ARE ALO(RF) aLO(R,F) ei CO LO(RF) t (5)

For an non balanced heterodyne detection, the charge generated in a detector is similar to 1 for a small RF
signal compared to the LO:

= q EE q. (AL0 ARF) t (A Lo ARF) q (jitL0 ,4 .1,0 AkF ils Lo ii t
LoARF ) (6)

The mean value of the photons observed by the detector is thus:

(Q) 2IaLoaRFI COS ((
w

RF LO)t) laL01 2 ± kiRFl2 (7)

On our way to calculate the quantum noise of the detector, we have to evaluate the second moment of the
distribution too. It is given by the following relation in much of same way as in 3:

(Q2) = ((-E 01(aRFIQQ1aRFlaL0) (8)

In addition we need:

4)aLoaRF 1 2 cos((WRF coL0)192
± 4 awl' laRFI COS((WR,F Lo)t) +(Q) 2 =

4IaLo j aRF 1 3 COS((WRF WLO) t ) 21aLoa.RF

l aL01 4 laRFI4

In time average, the squared mean value becomes:

I(Q) dt = 4 1aLoaRFI 2 +101,0 
4 

aRF 4
=o

Taking only the signal part into account one arrives at:

ft=0 
(S) 2 dt = 41aLoctRFI 2 laRF 1 4 (11)

Now we are able to calculate the variance of the distribution as:

2 + (9)

(10)

+
2

(1
0

1,01
2
 + 

laRF1 2 ) < (Q2 ) (c2)2
< +2 (1 aL01+ laRF1)2

From this the signal-to-noise ratio is a±tfirarsLLtoogi2 

± 4aoaR

lance obtained as:
(Q)2

42

aRF1 2
1 +Ll ctL0F11 4 + laRFI4 1

2
21aRF12

—
2

laL01
(Q2 ) — (C2)2

Nevertheless, one has to exclude the LO fluctuations from the signal term. A more correct relation is then
obtained as:

(s)2 12 I - 14
+aL,131

a
2 L+ 40CraFL01

(Q2 ) - (Q) 2

2
1

RF"IR: 2aRF1 l I-
19 I (IRO

This is a result identical to the derivation in Haus given for a balanced diode mixer.

(13)

(14)

(15)
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(18)
4

=12a2g 0 D
¢.max = 12)Ii =1
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3. SOLVING THE QUANTUM NOISE FOR ARBITRARY DISTRIBUTED PHOTON
PROBABILITY DENSITIES

In the genenll case it is not acceptable to approximate the photon number density probability function by a
simple Poisson distribution. There general relations' must be derived based on only a single assumption - the
expectation value of the photon counting process yields p, photons. As in the Poisson case. this value is broken
down in an integer part n and a fractional part less than unity q. Then the probability density to measure
exactly m photons becomes:

f+00 +00
ps,„ = --(1 q) p(rn — n)drn ± q f p(rn, — (n -1- 1))drn (16)

n---oo .71,--,—x

using the Kronecker delta (5x . Calculating the expectation value of this distribution yields ii, as shown by
inspection, for the variance one obtains:

00

D
2
0
 
=

ti) 2 Vq( q) (17)
m=o

Obviously ?? indicates the "average measurement error associated with a measurement on the quantum
mechanical system. This error is not dependent on the number of photons measured. It is as a quantization
noise in Analog Digital Converters simply related to the Value of the least significant bit of the conversion.

From a noise point of view, one has to calculate the maximum value of this variance. The maximum error is
thus obtained when the time averaged photon number is exactly a half away from the next integer. Therefore
the maximum variance is:

This corresponds to the well-known half quantum noise from Literature. Now we have to invoke ergodicity
stating that all statistical moments obtained on a set of measurements on a set of identical quantum system
performed at a time point are identical to the time average of measurements performed on a single quantum
system within a time interval. Then we are allowed to state the following

A field problem involving a certain photon flow per time unitist-
i
t will show a power flow and its maximum

variance given by :

Ii 7 1 1 L
PRF li

At
vRF; 

DP,mar --nvRF• At 2

Assuming that the radiation is time correlated with a time being larger than the inverse RF bandwidth of
the system re°, > Then, the band limited power density involves a correlated photon flow and its variance
as given by :

PRF,13 = PhVR.F B = (13); DO.max,B = 5
. rtvRFB = p (20)

4. A HEB HEATED BY RF BAND LIMITED ELECTROMAGNETIC RADIATION
Applying the above radiation (P) to a resistor results in photon absorption in the resistor therefore diminishing
the power flow to subsequent parts in the circuit. Nevertheless the variance p is not affected by this absorption
since the variance does not depend on the number of photons involved with the flow. This situation becomes
inherently different as soon as this resistor becomes nonlinear (by e.g. heating). Applying two sources of radiation,
a strong LO given by (PLO ) and a weak signal source (PRF) to a bolometer results in photon absorption. Using
a simple heating model for a bolometer one obtains after suppressing the small second order terms:

(19)
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Figure 1. DSB Input Quantum Noise as a function of the RF frequency in the operating point.

1 ,
— nuRFB + DC PDC2

(21)

This is the way how quantum noise is downconverted in a bolometer. Thus quantum noise follows the thermal
fluctuation noise mechanism and becomes later on band-limited within the TF bandwith of the system. it does
therefore not deteriorate the noise bandwidth of the system.

Blackbody radiation is caused by a superposition of quantized hollow modes created in a body at a given
physical temperature. The time average of the radiation e.g. emitted by the warm optics in front of the receiver
(determined by optics losses L opti„, and the optics temperature Toptics ) is given by Planck's radiation law found
in literature [e.g. Lalo& Tannoudji La mecanique quantique p.280 ]:

hURFB 
(PPlanck,optics) = L optics —L/RF 

e kBToptics

In the next step we search for an equivalent thermal noise source at the input to generate the same resistance
fluctuation as in 21. This equivalent source is attenuated by optical losses and acts on the whole IIEB. In first
order, only the fraction heating the hot spot region is able to cause a resistance fluctuation.

RO  hvRFB
L optics RF

—
2

hvRFB
hv 

e kt ,TQN 	1

Therefore the equivalent noise temperature due to quantum noise becomes:

TQN Pzdj

k log(1 + 2 • (1 — ',optics) • it)

Please observe that the quantum noise has the same IF bandwidth limitation as the conversion gain. It
does therefore not decrease the noise bandwidth of the HEB receiver. The quantum noise occurs at the point
where the frequency conversion takes place. Quantum noise is therefore not subject to any optical losses. The
"graininess" of the incoming signal is preserved by any losses in front of the bolometer. Referring to output noise
powers this is directly obvious. Nevertheless following engineering traditions, noise contributions are usually
considered as equivalent input noise temperatures. Consequently the quantum noise at the input increases with
increasing optical losses. At frequencies above 2THz, quantum noise dominates the receiver noise.

R(P) = R((Pw PRF))+ C FIF ((PLO) 'PRF (PR,F) • PLO)+ C DC PDC = R RF • ((-er,

(22)

h v

(23)

4)
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Physics of ultra-thin NbN films for phonon-cooled Hot-Electron-
Bolometers

T. Scherer, M. Schicke and K-F. Schuster
IRA1VI, Institut de Radioastronomie Millimetrique, 38406 St Martin d'Heres, France

We present an in depth study of the influence of growth conditions and substrate
materials for ultra-thin NbN films as used for phonon-cooled hot electron bolometer
(HEI3) mixers. The electrical characteristics of the films are compared in with results
from synchrotron X-ray and Raman scattering as well as from Spectro-Ellipsometrie.
Measurements on device performance like IF-BW and mixer noise are correlated with
the various film characteristics and conclusions are drawn on the importance of various
mechanisms involved in the phonon-cooling path of the HEB device.
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FABRICATION AND CHARACTERIZATION OF ULTRATHIN
PBCO/YBCO/PBCO CONSTRICTIONS FOR FURTHER APPLICATION AS

HOT ELECTRON BOLOMETER TERAHERTZ MIXERS

A. J. Kreislerl , A. F. Degardi nl
Ch. Peroz1 '2 , J-C. Villegier2

M Chaubet3

1 Laboratoire de genie electrique des universites Paris 6 et Paris 11 (LGEP), UMR 8507 CNRS-Supelec,
GIF SUR YVETTE, France
2 I...aboratoire de cryophysique, CEA-Grenoble, France
3 Centre national d'etudes spatiales (CNES), Toulouse, France

Superconducting Hot Electron Bolometer (HEB) mixers are a competitive alternative
to Schottky diode mixers or other conventional superconducting receiver technologies
in the terahertz frequency range because of their ultra wide bandwidth (from
millimeter waves to the visible), high conversion gain, and low intrinsic noise level,
even at 77 K.
A technological process has been successfully developed for fabricating stacked
YBa2Cu307_x (YBCO) and PrBa2Cu307_y (PBCO) ultra-thin films (in the 15 to 40 nm
thickness range) on a configuration of constrictions (in the 0.8 0.8 to 0.45 0.45 [trn2
range), elaborated on MgO (100) substrates by hollow cathode magnetron sputtering.
A combination of electronic and UV lithography steps followed by selective etching
techniques were used to realize HEB mixers based on these constrictions covered by a
planar gold antenna of the log-periodic type, aiming at covering the 1 millimeter to 30
micrometer wavelength range.

High values of critical temperature in the 85 to 91 K range, as well as critical current
densities reaching 2 10 7 A/cm2 at 77 K were measured (electrical transport); the
temperature coefficient value of the resistance was 0.4-0.5 per kelvin. These
characteristics were stable upon ageing, thermal cycling and after the gold antenna
fabrication step.

Further characterization steps concern the device bolometric response in the direct
detection mode at 850 nm wavelength up to 1 GHz modulation frequency. They also
concern the device response in the heterodyne detection mode at 2.5 THz, using two
gas laser sources.

Study undertaken with CNES support, under contract # 2002/0440/00

Corresponding author : Alain.Kreisler@supelec.fr
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The Band 3 and 4 Flight Model mixer units for HIFI

G. de Lange, B.D. Jackson, M. Eggens, H. Golstein, W.M. Laauwen, L. de Jong,
S. Kikken, C. F'ieters, H. Smit, and D. Van Nguyen

SRON National Institute for Space Research
Postbus 800, 9700 AV Groningen, The Netherlands

T. Zijlstra, M. Kroug, and T.M. Klapwijk
Department of Applied Physics (DIMES), Delft University of Technology

Lorentzweg 1 2628 CJ Delft, The Netherlands

The Heterodyne Instrument for the Far-Infrared (HIFI) is in its final stage of assembly.
It will cover the 0.48-1.9 THz frequency range. This frequency range is divided into 7
bands. SRON is developing the band 3 and 4 SIS waveguide mixer units. Band 3 and 4
cover the 800-960 GHz and 960-1120 GHz frequency range, respectively. Each of
these bands contains two mixers for dual polarization measurements. The mixers have
a corrugated horn antenna and operate with a 4-8 GHz IF bandwidth. Nb/A10x/Nb SIS
tunnel junctions with NbTiN/A1 wiring layers are used as mixing element. Besides the
heterodyne functionality, the units also incorporate a superconducting magnet, an
internal ESD/EMC protection circuit, a 4-8 GHz bias T, and a de-flux heater.
The mechanical and optical design is to a large extent driven by the specific
environmental requirements for a space mission, the mass and thermal budget, and the
electrical and optical interfaces with the rest of the instrument.
In the paper we discuss the design and performance of the Flight Model mixer units.
The DSB receiver noise temperature as measured in the laboratory (with warm optics)
vary from 220-315 K in the band 3 frequency range and 330-600 K in band 4. With the
cold HIFI optics and the absence of atmospheric losses, the noise temperature will
drop to 150-250 K and 250-350 K for band 3 and 4, respectively.
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Design and development of a 600-720 GI-1z receiver for ALMA
Band 9
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SRON National Institute for Space Research and the Kapteyn Institute, University of
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M. Candotti
National University of Ireland, Maynooth, Co. Kildare, (Ireland)
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Abstract

This paper describes the design and development of the ALMA Band 9 receiver
cartridges. The ALMA project is a collaboration between Europe, North America,
and Japan to build an aperture synthesis telescope consisting of at least 64 12-m
antennas located at 5000 m altitude in Chile. In its full configuration, ALMA will
observe in 10 frequency bands between 30 and 950 GHz, and will provide
astronomers with unprecedented sensitivity and spatial resolution at millimetre and
sub-millimetre wavelengths. Band 9, covering 600-720 GHz, is the highest frequency
band in the baseline ALMA project, and will thus offer the telescope's highest spatial
resolutions.

The ALMA Band 9 cartridge is a compact unit containing the core of a 600-720 GHz
heterodyne receiver front-end that can be easily inserted into and removed from the
ALMA cryostat. In particular, its core technologies include low-noise, broadband SIS
mixers; an electronically-tunable solid-state local oscillator; and low-noise cryogenic
IF amplifiers. These components are built into a rigid opto-mechanical structure that
includes a compact optical assembly mounted on the cartridge's 4 K stage that
combines the astronomical and local oscillator signals and focuses them into two SIS
mixers.

In this report we present the noise measurement with an emphasis on the extreme
large IF bandwidth (4-12 GHz). IF- gain slope, receiver linearity/saturation, receiver
beam pattern and cross polarization level measurements will be presented and
compared with expectations. The receiver phase and amplitude stability
measurements will be presented and the system aspects related to interferometer will
be discussed. Finally, a detailed measurement of LO noise contribution will be
presented. This measurement was done by comparing receiver noise measured with
internal ALMA LO (multipliers power amplifiers combination) to receiver noise
measured by means of Gunn diode, followed by a x2x3 multiplier.
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Development of Balanced SIS Mixers
for ALMA Band-10

Sergey V. Shitov, Oleg V. Koryukin, Yoshinory Uzawa, Takashi Noguchi,
Andrey V. Uvarov, Ilya A. Cohn

down to only 2-3 p,W for a two polarized SIS receiver, if
submicron SIS junctions are used in the balanced mixer
configuration.

There are a few options for waveguide balanced and side-
band separating mixers employing the straightforward
connection of the DSB mixers using hybrid couplers [2].
However, the low-loss operation of the waveguide-based
connections and the required balancing of the mixers both
are of a great concern in the THz frequency range. This is a
good reason to look for the more compact design of the RF
circuit for waveguide or/and consider an integrated
quasioptical SIS mixer design.

It is known that the conversion gain of a SIS junction is
reducing essentially above the gap frequency, and it turns
negligibly low above twice the gap frequency. The ALMA
Band-10 DSB receiver specification for TRx is 230 K within
80% of the band 787-950 GHz and 345 K at any frequency
of the band. The IF range of 4-12 GHz is required for the
DSB receiver with ripples below 4 dB within each 2 GHz
segment. All these make the accurate design of the mixer's
RF and IF circuits very important.

Since the Q-factor of a SIS junction at submillimeter
wavelength is high (Q>>1), the twin-SIS junction [3]-[5] is
a good solution providing about twice RF bandwidth of a
single junction. However, it is known that two junctions in
the twin-SIS are unequally coupled at RF across the band,
thus providing less gain than one can expect from the
equivalent junction of the same R. This effect is difficult to
estimate experimentally, since two junctions are connected
in parallel at DC. The growing importance of such accurate
analysis in THz range can be motivated with concern of the
essential drop of conversion gain of a Nb-based SIS mixer
closer to 1 THz. To analyze the effect of unequal pump and
dynamic resistance for a two-junction SIS mixer, the
Tucker's 3-port model can be used yet being expanded to
multi-junction mixing arrays.

Abstract-A few concepts of a wide-band balanced SIS
mixer employing submicron-sized SIS junctions are under
development for 787-950 GHz frequency range. A quasioptical
DSB balanced mixer with integrated cross-slot antenna is
considered as the less laborious and cheaper option. The silicon
lens-antenna beam efficiency is expected above 80 % across the
whole band with first-order sidelobe below -16 dB.

To use the conservative horn antenna solution, a single-
chamber waveguide DSB balanced mixer is developed. Two
equal probe-type SIS chips are inserted into a full-height
waveguide through its opposite broad walls; these two mixers
are driven by the signal waveguide in series. The LO current is
transferred to the mixers in parallel via a capacitive probe
inserted through the narrow wall of the signal waveguide from
the neighboring LO waveguide. The HFSS model
demonstrated the LO power coupling efficiency above -3 dB,
almost perfect signal transfer and the LO cross talk below -
30 dB that take into account misalignment (misbalance) of the
chips.

It is demonstrated numerically using Tucker's 3-port model
that unequal pump of junctions of a twin-SIS mixer can lead,
in spite of the perfect signal coupling, to degradation of the
gain performance up to -3 dB, especially at the top of the
ALMA Band-10.

Index Terms-SIS mixer, balanced mixer, lens antenna.

I. INTRODUCTION

T
he LO power required for a THz-band SIS mixer can be
below 1 gW. However, the simple LO coupling circuit,

which uses a thin-film beam splitter, wastes usually more
than 90% of the available LO power into a termination load.
The commercially available wide-band tunerless LO sources
[I] can presently provide only few microwatts in the THz
range. To reduce the LO power requirements, a balanced
mixer is that possible solution. One may estimate the figure
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ALMA-J Office, National Astronomical Observatory of Japan and by the
Russian State Programs "Support of Leading Scientific Schools in Russia"
(grant 1548.2003.2) and Program for Basic Research "Problems of Radio
Physics (Department of Physical Sciences, Russian Academy of Science)
in direction "Applications in Terahertz Range".

Sergey V. Shitov is with the National Astronomical Observatory of
Japan, Mitaka, Tokyo 181-8588, Japan and with the Institute of Radio
Engineering and Electronics, Russian Academy of Sciences, Moscow
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II. BALANCED MIXER DESIGN

A. Quasioptical SIS mixer

A few concepts of a wide-band balanced SIS mixer
employing submicron-sized SIS junctions (A 0.5 sq.pm)
are under development at NAOJ for ALMA Band-10.
Considering a general THz-range SIS mixer, the
quasioptical (QO) lens-antenna approach seems less
laborious, that is confirmed experimentally [6]. Quasioptical
chips are easier to process, and they can be handled with
much less caution. It is worth to add here that high-quality
epitaxial films of NbN [7], which is a promising option for a
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Fig. I. Layout of quasi-optical balanced SIS mixer chip for use with
silicon immersion lens. The outer rectangle presents ground plane
(metallization) of slot-antenna circuit.

low-loss tuning circuit, can be grown presumably on MgO
high-dielectric (c = 9.6) substrate, that is difficult to use
with waveguides. The simplified layout of the QO balanced
mixer is presented in Fig. 1. The mixer employs two double-
slot antennas, which are crossing each other in the areas of
minimum RF current [8], thus minimizing both cross-talk
and beam distortion. These two antennas are able to receive
separately two orthogonal polarizations, one for LO and
another for signal. The signal is coupled from vertical slots
into the two twin-SIS mixers, Mixer 1 and Mixer 2. The LO
power is first combined from two horizontal slots using a
stripline 180-degree RF shifter (LO balun); then it is spitted
in half and injected to the signal slots exciting them in anti-
phase in respect to the phase of the signal. This prevents
emissions of LO power in the direction of the signal beam,
and the low signal-to-LO coupling can be achieved. Since
the wide IF band (4-12 GHz), it is difficult to combine the
anti-phased IF signals, IF 1 and IF 2 using a distributed 180-
degree balun circuit (hybrid coupler). A series IF connection
or an opposite polarity of the dc bias of the mixers [2] are
that practicable solutions. Note that present design uses only
two twin-SIS mixers, but not four as in [6]. Simulation
predicts a wide-band RF performance of such mixer
employing a parallel-feed tuning circuit; the IF range of 4-
12 GHz is expected. However, such wide-band IF
performance of the full receiver may need an IF amplifier
integrated with the mixer block similar to [9].

The beam quality is the main concern of the quasioptical
lens-antenna mixers. A few groups [10], [11] have carefully
simulated the silicon lens-antenna. In spite its beam
efficiency at the secondary reflector is not as good as for
corrugated horns, we may expect the figure above 80 %
across the whole ALMA Band-10 (for -10 dB taper at the
subreflector). The lens-antenna sidelobes are the result of
truncation of the printed antenna beam inside the lens due to
the effect of full internal reflection. This makes the first-
order sidelobes typically at -16 dB. The beam-width of a
diffraction-limited lens-antenna is known to be defined by
the diameter of the lens. This advantageous feature allows
removing the intervening optics (ellipsoidal mirrors). The
Gaussian impurity of the beam does not play now important
role making resulting (system) beam nearly the same as for
high-quality corrugated horn. The optical system of the
cartridge with QO balanced mixers is presented in Fig. 2.

6-degree beam from subreflector

Synthesized signal i7,7620 4GHz

Fig. 2. Optical scheme of double-polarized receiver including
quasioptical balanced SIS mixer and tunerless LO chain.

B. Single-chamber waveguide 515 mixer

The new single-chamber waveguide DSB balanced SIS
mixer presented in Fig. 3 can be used with a corrugated
horn antenna launcher. Two equal probe-type SIS chips are
inserted into a full-height waveguide through its broad
walls, so the two mixers are driven from the signal
waveguide port in series. The LO current is transferred to
the mixers in parallel via a capacitive probe inserted through
the narrow wall. This LO probe is an extension of a
microstrip line which is penetrating into a neighbouring LO
waveguide as shown in Fig. 3. The mechanical approach
assumes a flat backpiece (backshort) for the signal
waveguide, which is designed using the split-block
technique (E-plane symmetry). The LO waveguide is to be
split along the wide (common) wall, since the small RE loss
or/and some non-flatness are not so important for the LO
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Fig. 4. Transmission of LO power to Mixer 1 and Mixer 2 of the
waveguide balanced SIS mixer from Fig. 3 in presence of 10 micron
misalignment of the LO probe chip. Note difference of about 0.5 dB.

-10,00

-20.CO

-30.04

-4040

40.00
•O. 0 96 i

Fr.; U.44

Fig. 6. Signal-to-LO port isolation for the waveguide balanced SIS
mixer from Fig. 3 in presence of 10-micron misalignment of the LO-probe
chip.
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5

T (dB)

Fig. 5. Transmission of signal to Mixer 1 and Mixer 2 of the waveguide
balanced SIS mixer from Fig. 3 in presence of 10-micron misalignment of
the LO-probe chip. Note difference of less than 0.5 dB.

path.
Both signal and LO chips are simulated with HFSS. The

simulation demonstrated the LO power coupling efficiency
above -3 dB, the signal reflection loss below -20 dB across
whole band and the LO cross-talk below -30 dB that take
into account the possible 10-um misalignment of the chips.
These numerical results are presented in Fig. 4, Fig. 5 and
Fig. 6.

III. TWIN-JUNCTION MIXER ANALYSIS

We have developed a numerical method based on the
Tucker's theory (3-port) and solved the I-V curves of the
twin-SIS junction separately. The simulated circuit is tuned

Bias Voltage (mV)

Fig. 7. Simulated I-V curves of the individual junctions of a twin-SIS
mixer at 950 GHz. Curves are denoted as following: 10 — un-pumped IV-
curve of one SIS junction, Ii and 12 — pumped junction 1 (SIS1) and
unction 2 (SIS2), 112 — 1V-curve of the equally pumped single junction
mixer, IF1 and IF1 — IF current amplitudes generated by SIS1 and SIS2 (i.
e. output currents), G12 — mixer gain calculated for equivalent SIS junction
112, G(1+2) — gain calculated with currents IF1 and IF2 for unequally
pumped pair SIS1+SIS2.

covering whole ALMA Band-10 with roll-off less than 1 dB
at 950 GHz. This case represents a mixer from Fig. 1
(Mixer 1 or Mixer 2). The effect of unequal pump is clearly
demonstrated in Fig. 7. The junction with lower pump is
shunting the common IF load (I,NA) being essentially less
efficient at IF. For this reason the mixer gain drops about
3 dB, if compare to the gain predicted with equivalent SIS
junction. This seems a general property (problem) of a twin
or multi-junction SIS mixer with the parallel RF connection.
Note that twin-SIS mixer with series RF feed [5], [6] has
always equal condition for both junctions and thus
providing a better performance.
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Abstract—Sub-harmonically pumped SIS mixers operating
at very high LO harmonics have been used to measure beam
patterns of SIS mixers in the laboratory, and to measure the
line-widths and phase-locking performance of flux-flow oscil-
lators. Using the sub-harmonically pumped mode of operation
for beam pattern measurements allows the measurement to be
carried with a single phase-locked sub-mm source, without a
beamsplitter in front of the mixer feed. This allows the near
field amplitude and phase to be measured, and allows the far
field pattern to be measured at very high angles which would
be blocked by the presence of a beamsplitter.

Kittara, Withington and Yassin[1] have recently described a
procedure for modelling the non-linear behaviour of very high
harmonic SIS mixers. They use a fully non-linear multitonal
mixer theory[2] to analyse the behaviour of a SIS mixer pumped
by the 20th harmonic of a 13.5 GHz LO signal, with the mixer
down-converting both sidebands around 270 GHz to a 1.4 GHz
IF. This analysis shows that sub-harmonic mixers can achieve
reasonable dynamic range. The pattern of behaviour seen in
the simulations are in remarkable agreement with published
experimental results[3].

In this work we describe the small-signal behaviour of sub-
harmonic SIS mixers using the CalTech's SuperMix software[4].
This method has the advantage of faster convergence than the
non-linear analysis and hence allows the exploration of the
complex behaviour of subharmonic SIS mixers. Our analysis
is compared Kittara et al's results. We show that SuperMix
can accurately calculate the small-signal behaviour of high
harmonic SIS mixers, as well as providing predictions of mixer
noise performance.

I. INTRODUCTION

Fundamental mode SIS junction mixers are the most
sensitive heterodyne receivers throughout the high mm-wave
and sub-mm bands. This sensitivity is due to the very
high nonlinearity of the SIS junction IV curve. This same
nonlinearity can be used to generate many harmonics of
the LO signal, allowing the SIS junction to be used as a
subharmonically pumped mixer. Subharmonically pumped
mixers using low harmonic number have been reported[5],
and higher harmonic numbers have been used to study the
line-width and phase-locking of flux flow oscillators[6].

A particularly effective use of a high harmonic number
subharmonic SIS mixer was reported by Baryshev et al[3].
They reported the use of a subharmonic pumping of an
SIS mixer in measuring the amplitude and phase of the
beam pattern of a (fundamental mode) mixer at 640 GHz.
The 15 GHz LO signal was injected via directional coupler
at the IF output of the mixer (fig. 1), with the mixer
being operated at the 42nd harmonic. The RF test signal
was provided by a phase-locked Gunn oscillator feeding a
Schottky diode doubler and tripler multiplier chain in the

LO Signal
(10-20 GHz) DC Bias

RF Feed Mixer Directional Bias IF Amp
Coupler Tee

Fig. 1. Schematic of the subharmonic SlS receiver reported by Baryshev
et al[3].

far field of the mixer feed. This measurement system has
two distinct advantages. Firstly, only one phase-locked mm-
wave source is required, and secondly, as the microwave LO
signal is injected through the IF output of the mixer, no LO
injection optics are required in the optical system and the
measured beam pattern is that of the mixer feed alone.

The behaviour of the pumped IV curves and IF output
power (and hence mixer conversion loss) reported by Bary-
shev et al is particularly striking. Unlike a fundamental
mode mm-wave SIS mixer, no photon steps are visible in
the pumped IV curves, as the photon voltages are less than
the width of the junction nonlinearity. When the mixer is
pumped by a low frequency LO and a mm-wave RF signal,
the IF output power against bias curve has several peaks
both above and below the junction gap voltage. The widths
of these peaks do not seem to be related to either the RF
or LO photon voltages, and the widths of the peaks varies
strongly with LO pump level.

In order to optimise the effectiveness of subharmonic
mixers used in these applications, it is vital that the behaviour
of the mixer can predicted. In this work we compare two
numerical models of subharmonic SIS mixers. The first
of these is CalTech's SuperMix software library,which has
been widely used to simulate and design fundamental mode
mixers. The second is the MultiTone software package,
based on a recently published fully nonlinear model of
quantum mixing[2]. This second package is of particular
interest to non-astronomical uses of subharmonically pumped
SIS mixers, as it allows the dynamic range of the mixer
to be predicted. However, the SuperMix library has other
advantages, as it can incorporate complex superconducting
circuits, and several SIS junctions.

II. SUPERMIX AND MULTITONE SIMULATIONS OF
SUBHARMONIC MIXERS

SuperMix[4] is a software library developed at the Cal-
ifornia Institute of Technology to allow the simulation of
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Fig. 2. Harmonics included in (top) MultiTone and (bottom) SuperlYlix
simulations of the subharmonic mixer.

fundamental mode SIS mixers and their associated supercon-
ducting circuits and IF systems. 'The portion of the library
that simulates the behaviour of SIS mixers is based on a
generalisation of 'Tucker's theory of quantum mixing in SIS
junctions[7]. SuperMix allows any number of harmonics of
the IX) frequency and any number of SIS junctions to be
simultaneously solved for large signals, while the conversion
between the RF and IF sidebands is calculated by perturbing
the harmonic balance over the LO harmonics, in the limit of
small sideband signals.

A further generalisation of Tucker theory has recently been
presented by Withington, Kittara and Yassin[2]. Although
currently limited to a single tunnel junction, this completely
quantum model of SIS mixing allows the tunnel junction
to be excited by any number non-harmonically related fre-
quencies of arbitrary amplitude. This model allows signals
at all sidebands and LO harmonics to be arbitrarily large,
therefore allowing the behaviour of saturating SIS mixers
to be rigorously calculated. We have previously shown that
the MultiTone software, based on this model gives identical
results to SuperMix, in the limit of small sideband signals[8].

Kittara et al[1] have recently carried out simulations
of subharmonic SIS mixers using the MultiTone software.
The MultiTone model of subharmonic mixers is somewhat
complicated by a limitation of the software (but not the
overall model), due to which only the first three harmonics
of a signal can be included. The MultiTone model of a
subharmonic mixer therefore uses separate signals at the
LO frequency wi,o, the nth harmonic of the LO nw Lo, the
upper sideband of the nth harmonic WRF = nW

L0 WIF
and the IF signal wiF . In order to get accurate results,
undriven signals must also be included at the lower sideband
of the nth harmonic wrio — f:VIF, and wRF + wiF . This
scheme is outlined in fig. 2. The effect of the mixer circuits
is included by setting an embedding impedance for each
harmonic included in the harmonic balance.

In the SuperMix model of the subharmonic mixer, the
first n harmonics of the LO frequency are included in the
harmonic balance, while the mixer conversion between the
upper and lower sidebands and the IF are calculated in the
small-signal limit. SuperMix divides the embedding circuits
of the mixer into three distinct circuits; the DC bias circuit,
the IF output circuit and the RF circuit, to which the LO must
be connected. In order to simulate a subharmonic mixer with

different LO and RF embedding impedances, the RF circuit
of the subharmonic mixer consists of two branches, with the
signals in each branch selected by idealised bandpass filters
between the embedding impedance and the junction (fig. 3).
The RF bandpass filter has perfect transmission between
nwL0 — w[F and nwL0 WIF, while the LO bandpass
filter has perfect transmission in a narrow band about wi,o.
Outside of these bands, both filters are perfectly reflecting.

We have found that SuperMix's harmonic balance routine
will often fail to converge when simulating a subharmonic
mixer, particularly when the LO pump level is close to the
optimum. This problem occurs because the accuracy of the
calculation of the RF currents through the junction is hard
coded in the SuperMix SIS junction model. Although the
preset tolerances are adequate for most fundamental mode
mixers, these tolerances cause the balancing of very high
harmonics to fail. We have worked around this problem by
including many higher LO harmonics in the calculation, e.g.
90 harmonics are required to simulate the 20th harmonic
mixer presented here at all pump levels. This comes at a
cost of greatly increased execution time, as the harmonic
balance must now be carried out over many more harmonics
than strictly necessary. A better alternative would be to alter
the SuperMix library, so that the user can set the tolerances
in the RF current calculation.

III. SIMULATION RESULTS

In this section we compare the results of SuperMix based
simulations with those obtained from the MultiTone software
for a specific idealised mixer. The mixer is pumped by an
LO at a normalised frequency of 0.02, corresponding to
13.5 GHz for a niobium junction. The mixer is operated at
the 20th harmonic of the LO (normalised frequency 0.40 (—
270 GHz) with an IF of 0.002 (,) 1.35 GHz. The embedding
impedances of the IF, LO, the 20th harmonic of the LO, and
the RE sidebands are set to unity, while all other intermediate
(and higher) LO harmonics have an embedding impedance
equal to zero. The response function of the junction is given
by the polynomial quotient approximation

1-(V)= n-1 , (1)

with n -= 50. The sharpness of this IV curve roughly
corresponds to that of a high quality niobium/aluminium
oxide junction.

Fig. 4 compares the pumped IV curves from SuperMix
and MultiTone at various LO drive level a = wgVi,o1w.w.
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Fig. 4. (top) SuperMix and (bottom) MultiTone simulated pumped IV
curves for a 20th harmonic mixer pumped at wi,o = 0.02 13.4 GHz
for a Nb junction. In all of the following results, the MultiTone results have
a gap voltage of 2.8 mV, while the SuperMix bias voltages are normalised
to a gap voltage of 1.0.

Although the SuperMix and MultiTone pumped curves are
different, both are reasonably consistent with the measured
IV curves reported by Baryshev et al. The differences
between the two simulation methods are probably due to
both the different harmonics used in each calculation, and
differences between the embedding circuits used. More work,
including alterations to both software packages, will be
required to get good agreement between these results.

Figures 5 and 6 compare the mixer conversion losses
predicted by the two software packages at two different LO
drive levels. Due to differences between the operation of the
two software packages, the actual values of the conversion
loss cannot be directly compared. Instead the IF output power
predicted by MultiTone for a small fixed RF input power
is compared with the small-signal conversion loss from
SuperMix. Both sets of results produce the same number
of peaks in the IF output, although heights and widths of
these peaks differ, with the MultiTone results looking closer
to the experimental results of Baryshev et Sal. The uneven
nature of the peaks in both the experimental and MultiTone
results is due to the high RF signal level used in both cases.
This situation cannot be simulated by SuperMix.

In both the experimental data and the MultiTone simula-
tions, the RF signal can be larger than the signal generated at
the nth harmonic of the LO, for reasonably small RF signals.
In this case the RF and LO nth harmonic swap roles, with
the mixer being partially pumped by the RF signal. Despite

Fig. 5. (top) SuperIVIix calculated conversion gain and (bottom) MultiTone
simulated IF output power for the 20 Lh harmonic mixer. The LO drive level
is a = 50, and the RF signal power in the MultiTone simulation is 472 pW.

Fig. 6. (top) SuperMix calculated conversion gain and (bottom) MultiTone
simulated IF output power for the 20

5, h harmonic mixer. The LO drive level
is a 80, and the RE signal power in the MultiTone simulation is 472 pW.
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Fig. 7. (top) SuperMix calculated noise temperatures of the 2oth harmonic
mixer at a LO drive level of co = 80. (bottom) MultiTone results for
the saturation of the IF signal at increasing RF signal levels at three bias
voltages.

this, the IF output of the mixer is still linear in the RF power
up to a few nanowatts. The relatively large RF signal is the
cause of the differences between the SuperMix small-signal
conversion gain and the IF output power in the MultiTone
and experimental results, which use a moderate RF signal
level.

Figure 7 illustrates one of the main differences between
SuperMix simulations and the MultiTone software package.
MultiTone cannot produce simulated noise temperature data,
while SuperMix can only analyse mixers in the limit of
small signals at frequencies other than the LO and its
harmonics. The mixer noise temperature is dominated by
the high conversion loss (more than 25 dB at all bias points)
rather than high noise in the IF band, and this could be
considerably improved with better choice of the various
embedding impedances.

Finally, in figure 8 we plot the mixer conversion loss
from SuperMix against the LO drive voltage at three bias
points. At non-zero bias voltages the conversion loss against
LO voltage curve is strongly peaked. The best conversion
loss occurs at zero bias, and at this point the mixer is least
sensitive to variations in the LO power.

Iv. CONCLUSIONS

Both SuperMix and MultiTone based simulations can
analyse subharmonically pumped SIS mixers, although some
contortions are required to carry out these calculations.
SuperMix simulations are particularly useful when designing,
and finding the basic operating state of subhamionically

0.003

0.002

0.001

0

Fig. 8. SuperMix calculated conversion gain of the 20 th harmonic mixer
as a function of LO power at three bias voltages.

pumped mixers. However in many applications, the subhar-
monk mixer will be operated with a moderate RF signal
power. MultiTone simulations of the mixer will be essential
in ensuring the linearity of the mixer over the dynamic
range of the measurement in these applications, and when
comparing simulations with the performance of mixers fed
by a moderate RF signal.

Both software packages require further work to carry
out these simulations in a simple and transparent way. In
particular, the accuracy of SuperMix's RF current calculation
routine should be adjusted to allow the accurate calculation
of high LO harmonic currents, and the MultiTone software
should be altered to include all the harmonics of the LO
signal up to the harmonic number of the mixer. It should
then be simple to simulate more realistic subharmonically
pumped SIS mixers, and to compare measured performance
with both SuperMix and MultiTone simulations.
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Analysis of the Influence of Current Density j, and DC-Quality Q on Mixer
Performance around 700 GHz for more than 50 measured 515-Mixers

R. Teipen , M. Justen, T. Tils, M. Schultz, S. Glenz, P. Ptitz, C.E. Honingh,
K. Jacobs

KOSMA, I Physikalisches Institut, Universitat zu KOIn
ZOlpicher StrAe 77, 50937 Köln, Germany

For the development of the band 2 mixers (636-802 GHz) for the HIFI instrument on
the Herschel Space Observatory 2 the RF-performance of more than 50 mixers with
Nb/Al203 /Nb-junctions fabricated at KOSMA have been characterized. Based on the
DC-characteristics and RF-performance the choice of the best devices for the flight mixers
has been made. According to the results the design approach of the mixers is revisited.

During the SIS-device development process the device parameters (gap-voltage VGap , cur-
rent density jc, dc-quality Q = R(2 mV)/RN , strip-line conductivity a and accuracy of
junction-area) have been optimized. Because of the Nb-gap at 700 GHz the power losses
of the NbTiN/Si02 /Nb micro strip matching circuit are much lower in the lower frequency
region (5%) than in the upper frequency band (33%). In addition to these micro strip losses
the parameters jc and Q show the strongest impact on the mixer performance. These two
parameters can not be optimized independently since a higher jc implies a thinner barrier
and lower Q.

To evaluate the trade-off for an optimum combination of jc and Q the noise performance
for more than 50 experimental I-V-curves with the FM-design embedding impedance is
calculated from Tucker's theory for different values of j. The reduction in receiver noise
caused by an improved Q becomes small for values of Q > 8-10. The reduction in receiver
noise caused by a higher j, is much larger in the upper frequency band with high micro
strip losses. The calculations together with a fabrication-dependent relation of realizable
IC and Q can be used as a guideline for optimum design parameter for j.

optimum measured performance Tucker calculation for FM design *

Figure 1: Receiver performance dependence on junction DC-quality Q. Left: measured
optimum performance of mixers in HIFI band 2. Right: calculated receiver noise
(Tucker) for measured I-V-curves as function of DC-quality Q. The data show the
results for two frequency points of the FM-design embedding impedance.

l Email rteipen@phl.uni-koein.de
2http://sci.esa.int/herschel
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I. INTRODUCTION

W
e are constructing OMTs for dual polarization 200-270
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Test of 1 mm Band Turnstile Junction
Waveguide Orthornode Transducer

Alessandro Navarrini, Alberto Bolatto, and Richard L. Plambeck

Abstract—W We tested five prototype waveguide orthomode
transducers (0MTs) designed for the 200-270 GHz frequency
band. These OM Ts, based on a turnstile junction, have identical
designs [1], but were fabricated by different manufacturers using
different techniques and materials. The OMTs were tested at
NRAO, Charlottesville, using a Vector Network Analyzer (VNA)
in the frequency range 210-310 GHz. Three of the OMTs have
average room temperature insertion loss of —1 dB or better,
average input and output reflection of approx –18 dB, and cross-
polarization and isolation of order –30 dB over 210-270 GHz.

The integrity of the tuning stub in the turnstile junction is the
key for good performance: a gap between the quadrants there
causes additional losses up to several tenths of a dB. Filling up
the gap with indium gave, for the OMT with best performance, a
transmission loss better than –0.8 dB over the entire 210-290
GHz band. Input and output reflections are better than –12 dB,
with cross-polarization and isolation better than –25 dB across
the same band.

Index Terms— Radio astronomy, Turnstile junction, Power
combiner, Polarimetry, Waveguide transitions

Fig. 1. Internal view of the full OMT. Opposite ports of the turnstile junction
are brought together with E-plane bends and power combiners.

The authors are with the Radio Astronomy Laboratory (RAL), University
of California, Berkeley, CA 94720 (e-mail: navarrin(diastro.berkeley.edu ).

This work was supported in part by the National Science Foundation under
Grant AST-0228963.

OMT is discussed in [1] and [2]. The device has a circular
waveguide input (diameter 1.12 mm) and two WR3.7
rectangular waveguide outputs (0.94 mm x 0.47 mm.) The
OMT, illustrated in Fig. 1, utilizes a turnstile junction and two
E-plane power combiners [3]. A tuning stub located at the
base of the circular waveguide matches the input over a full
frequency band.

II. MECHANICAL BLOCKS

The OMT is constructed by dividing the structure of Fig. 1
into four blocks that intersect along the circular waveguide
axis. The tuning stub at the base of the turnstile junction is
split into four identical sections that are machined at the same
time as the rectangular waveguides. The OMT, shown in Fig.
2, accepts a standard UG387 flange at its input so it can mate
with our existing feed-horns. Custom mini-flanges are used
for the WR3.7 output waveguides of the OMT for
compactness of the device. The mini-flanges are identical to
those of the ALMA Band 6 OMTs and SIS mixers, where the

Fig. 2. View of assembled OMT (on the right) with the circular waveguide
input on top and the two WR3.7 waveguide outputs with custom mini-flanges.
Two of the 19.05 mm long transitions used for testing are shown to the left of
the OMT.

Fig. 3. OMT n. 2 machined at RAL. Left) View of one of the four quarters.
Right) View of assembled mating pairs of blocks showing the waveguide
circuitry for Poi 2.
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alignment pins and screw holes are on a 7.11 mm diameter
bolt circle. Our OMT is a cube 23 mm on a side. The electrical
path length from the circular waveguide at the input of the
OMT to the WR3.7 waveguide outputs is —28 mm for Poi 1
and —30 mm for Pol 2.

Fig. 3 shows photos of one of the four blocks and of the
mated block pairs. Details of the internal waveguide circuitry
of the OMT are shown in the photos of Fig. 4. Five OMTs of
identical design were fabricated by different manufacturers
using different materials and machining techniques. Their
main features are summarized in Table 1. Measurement results
allowed to compare OMTs performance in relation to
mechanical tolerances.

Fig. 4. OMT n. 5 machined at Univ. of Arizona. View of an assembled
mating pair of blocks showing the internal waveguide circuitry of turnstile
junction, and power combiner (on the left), and the details of the tuning stub at
the turnstile junction circular waveguide base (on the right).

TABLE I

OMT
n.

Machined by Material Notes

2

3

4

RAL, Berkeley,
CA

RAL, Berkeley,
CA

Protofab,
Petaluma, CA

Custom
Microwave Inc.,
Longmont, CO

Aluminum

TeCu

TeCu

Gold plated
brass

Four blocks machined
from a single bar

Four blocks machined
from a single bar

Blocks machined
individually

Blocks machined
individually

5 Univ. of Arizona,
Tucson, AZ

Gold plated
brass

Blocks machined
individually.

The four blocks of OMTs n. 1 and n. 2 were machined in
our own shop (RAL) at one time as part of a single 12.7 x
12.7 x 165 mm3 metal bar using a numerically controlled
milling machine (CNC Tree Journeyman 350 equipped with
high speed Astro-E500 spindle 50000 rpm.) Inspection of the
blocks with the optical microscope showed that the maximum
offset between rectangular waveguide cuts in block halves is
approximately 0.040 mm. The four blocks of the other three
OMTs were fabricated individually using machines capable of
achieving better accuracy. The maximum offset between
waveguide cuts in block halves of OMT n. 5, fabricated at
University of Arizona using a Kern Micro milling machine,
was less than 0.015 mm. Unfortunately, the tuning stub and
one of the power combiners of such OMT were slightly
damaged after we sent it out the for gold plating.

III. MEASUREMENT SETUP

We tested the five OMTs during the week 24-28 October
2005, at NRAO, Charlottesville, using an Agilent 85106C
Vector Network Analyzer (VNA) equipped with Oleson
WR3.4 millimeter-wave test set extensions. A schematic of
the C1055 polarization test setup is shown in Fig. 5.

0!'eson WR 4
-Aelirrtett sea

WR3.4 Ckrcdat
• 'de wg CS 1,31t

talsi, t, on 411

Fig. 5. S-parameter measurement of the OMT with the VNA. The particular
configuration refers to the cross-polarization measurement.

The VNA was calibrated at the WR3.4 waveguide at the
outputs of the extension heads using a two-port TRL
calibration with Oleson WR3.4 calibration kit. A Custom
Microwave transition from WR3.4 rectangular waveguide to
1.27 mm diameter circular waveguide (Fig. 2) was attached to
the 1.12 mm circular waveguide input of the OVIT. Although
the locating pins of the OMT input flange are on the normal
14.27 mm diameter bolt circle, it was not possible to locate the
waveguide screws in their normal positions, so a special
aluminum clamp was made to bolt the OMT to the flange of
the transition (Fig. 6.)

Fig. 6. Pol 1 transmission measurement of the OMT with the VNA. An
aluminum clamp is used to attach the WR3.4 to 1.27 mm diameter circular
waveguide transition at the input of the OMT (on the left.) One of the OMT
WR3.7 output is attached to the WR3.4 waveguide connected to the mm-wave
extension head of the VNA through a WR3.7 to WR3.4 transition (on the
right.) The second OMT WR3.7 output (on top) is terminated into a WR3.4
waveguide load through a WR3.7 to WR3.4 transition. A single two-port
measurement in this configuration provides the direct and reverse transmission
as well as the input and output reflection of the OMT with transitions.

Agdent Vert°,
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IV. EXPERIMENTAL RESULTS

We tested the OIVITs between the minimum operating
frequency of the VN A, 210 GHz, up to 310 GHz. This range
overlaps with most of our OMT design band, 200-270 GHz.
Between 210-215 GHz the measurements have a higher noise
level because of the lower power level of the VNA in that
frequency range.

A. Tuning stub fix
Tests of the OMTs showed that their good performance

depends on the integrity of the tuning stub located at the base
of the circular waveguide. Three of the OIVITs had small
imperfections and gaps between quadrants at the tuning stub.
After filling the gap with indium, the insertion loss improved
by several tenths of a dB in most cases. Fig. 7 shows photos of
the tuning stub of OMT n. 3 before and after fix. Fig. 8 shows
that the transmission of both polarization channels of that
OMT improved from an average value across the band of —1
dB to a value of —0.6 dB, which is similar in overall level to
the value predicted by the electromagnetic simulation. The
measured room temperature transmission is above —0.8 dB
across 210-290 (Hi. After tuning stub fix, the average
insertion loss of three of the OMTs was —1 dB or better across
the same band.

Fig. 7. Magnified top view of the tuning stub before (left) and after (right)
filling up the gap with indium of OMT n. 3. After tuning stub fix, the value of
insertion loss of this OMT improved by approximately 0.4 dB across the band.

The input reflection and cross-polarization measurements of
OMT n. 3 after tuning stub fix are given in Fig. 9. The input
reflections, unchanged after the fix, are below —12 dB across
210-290 GHz. The small differences between the measured
reflection coefficients for the two polarization channels
indicate that they are electrically very similar. The output
reflections are similar, in overall level and shape, to those at
the input. The cross-polarization and isolation levels are both
below —25 dB; one of the two polarization channels improved
by —5 dB after fix, bringing the average levels across the band
from —30 dB down to —35 dB.

B. Transmission resonances

Two of the OMTs had problems, showing narrow and deep
transmission resonances in the band of interest. Fig. 10 shows
the measured transmission of OMT n. 2 with deep resonances
below the —4 dB level. Experiments with a K-band scale
model of the OMT indicate that these resonances are probably
related to fabrication errors that cause a misalignment of one
(or more) of the four quarters of the OMT.

A difference in the electrical length of opposite waveguide
arms between the turnstile junction and the power combiner
causes the appearance of a series of resonances in the
transmission of the OMT. Energy coming from the turnstile
junction reflects back from the power combiner when the two
signals reaching it are not exactly 180° out of phase.
Electromagnetic simulations of the three-port model of Fig. 1
with imbalanced waveguide sidearm lengths, performed with
CST Microwave Studio [4], confirm the appearance of deep
transmission resonances across the band. The depth of the
resonances increases with sidearm length difference; an
increase in the waveguide losses makes the resonances
shallower and broader. Resonances in the transmission of the
OMT are also expected when the physical lengths of the two
waveguide sidearms are identical, but one of the sidearms has
a different electrical length from the other: an offset along the
midplane of the rectangular waveguides caused by a lateral
misalignment of block halves changes the propagation
constant (and hence the phase velocity) with respect to a
waveguide with no offset. Thus, if one of the four blocks of
the OMT is offset along the circular waveguide axis, the two
waveguide sidearms of each polarization channel will have
different electrical lengths. Because of the different physical
length of WR3.7 waveguide sections in different blocks the
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electrical length difference depends on which one of the four
blocks is offset with respect to the others. For example, an
offset of the block having the shortest waveguide cut sections
(the one without power combiners), causes an offset along the
midplane of an —10 mm long section of WR3.7 waveguide
associated with the polarization channel n. 1 on one of the
lateral sidearms, but not on the other (the physical length of
the sidearms between the turnstile junction and the power
combiner is —14 mm and —13 mm for polarization channels 1
and 2, respectively.) To give an estimate of the electrical
length difference between two sidearms caused by an offset of
one of the blocks along the axis of our OMT, we performed
electromagnetic simulations of: a) a straight 10 mm long
section of WR3.7 waveguide; b) a same length waveguide
laterally misaligned along the midplane (see Fig. 11.) The
difference between the phase of the two transmissions is —12
deg at 230GHz for an offset of 0.025 mm. At the same
frequency, the phase difference between two WR3.7
waveguides (with no offset) with length difference 0.025 mm
is —5 deg, less than half that value. Therefore, a given amount
of misalignment of one of the blocks along the circular
waveguide axis (caused, for example, by loose locating pins)
is expected to be more harmful to the OMT performance than
fabrication errors causing the same amount of length
difference between turnstile junction waveguide sidearms. A
design of the OMT that minimizes the physical length
difference between WR3.7 waveguide sections in different
blocks should help reduce this problem.

310

frequency pilz)
Fig. 11. Transmission phase differences between a straight 10 mm long
WR3.7 waveguide and a same length waveguide section where block halves
are offset by 0.013 mm, 0.025 mm, 0.038 mm, 0.051 mm.

V. CONCLUSIONS

We tested five prototype turnstile junction waveguide
orthomode transducers for the 1 mm band. Three of the OMTs
have average room temperature insertion loss of —1 dB or
better, average input and output reflection of about —18 dB,
and cross-polarization and isolation of order —30 dB over 210-
270 GHz. The performance of the OMTs improved after
filling small gaps between quadrants at the turnstile junction
tuning stub with indium: the insertion loss decreased by
several tenths of a dB across the band. The OMT that gave
best performance has insertion loss better than 0.8 dB across
210-290 GHz.
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Generation of THz radiation with the use of Vortices
Located in Josephson ring.

D.R. Gulevich, F. V. Kusmartsev,
Department of Physics, Loughborough University, Loughborough, LE11 3TU, UK

Today, novel technologies are emerging from electronic devices that become
smaller and smaller. We have studied tiny metal superconducting rings
separated by an insulator and forming annular Josephson junction. At low
temperature, in superconducting state the current generates Josephson
vortices. We have created such fluxons experimentally and have theoretically
estimated the probability of their formation . The experiment and theory are
in perfect agreement. These vortices may generate electromagnetic radiation
with terahertz frequencies. We describe simple structures which can work as
generators of such radiation. With the use of the proposed generators many
modem day problems may be tackled, from detecting of cancer to security
imaging with continuous scanning.
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Ultrafast Superconducting Digital Circuits for
Analysis and Processing of Microwave Signals

Pascal Febvre, Torsten Reich, Thomas Ortlepp and F. Hermann Uhlmann

Abstract—: Rapid-Single-Flux-Quantum (RSFQ) digital
circuits based on shunted Josephson junctions have been
shown to be able to digitally process signals up to several
hundreds GHz. The principle of operation is based on the
generation, transport and processing of picosecond voltage
pulses of 2.07 mV.ps quantized area, which corresponds to one
quantum flux h/2e. Operation of RSFQ circuits can be
performed with clock frequencies of the order of 20 to 50 GHz
with present technology. We will present current developments
and experimental results obtained so far, based on circuits
developed in the JeSEF RSFQ process of IPHT Jena[1], using a
1 kA/cm2 shunted Nb/Al-AlOx/Nb junctions. Some particular
potential applications for space will be emphasized.

Index Terms—superconductor, RSFQ, Single-Flux-
Quantum, superconducting electronics

I. INTRODUCTION

WITH their high intrinsic speed of several tens of

GHz and very low dissipation, superconductive circuits
open the way to high-speed digital electronics. In Rapid
Single Flux Quantum (RSFQ) digital circuits based on
shunted Josephson junctions [2], digital data are transmitted
through picosecond voltage pulses with quantized area of
2.07 mV-ps, corresponding to one magnetic flux quantum
(1)0. Hence, the pulse voltage is weak, of the order of 1 mV
or less: it corresponds to pulses of about 2 Ps duration,
depending on the technological process under concern. It is
possible to use such a technology to develop different
ultrafast processing circuits like Analog-to-Digital
Converters (ADCs), autocorrelators, processors or routers.
Such circuits can work with clock frequencies above 20
GHz and can reach hundreds of GHz if they are based on the
most aggressive technologies. These circuits rely on basic
RSFQ cells that can process quanta of magnetic flux under
the form of picosecond voltage pulses. The pulses are
usually transmitted through RSFQ transmission lines. Flip-
flop cells are used to transform the SFQ pulses in Non-
Return-to-Zero (NRZ) signals, compatible with classical
semiconductor electronics.

Manuscript received May 31, 2006.
Pascal Febvre is with the Microwave and Characterization Laboratory

(LAHC), University of Savoie, 73376 Le Bourget du Lac, France. (e-mail:
pascal. febvre@univ-savoie. fr ).

Torsten Reich, Thomas Ortlepp and F. Hermann Uhlmann are with the
Department of Electrical Engineering and Electromagnetic Fields,
University of Technology Ilmenau, PO Box 10 05 65, D -98684 Ilmenau,
Germany.

II. RSFQ BASICS

The basic element for RSFQ logic is the Resistively-
Shunted Josephson junction. For the common RSFQ
processes, the resistive shunt is deposited externally.
Nevertheless, self-shunted Josephson junctions (naturally
occurring for high-Te materials) present some advantages in
terms of integration and ultimate frequencies, though this
kind of technology is not yet mastered to make complex
circuits. Figure 1 shows the equivalent electrical circuit of a
shunted Josephson junction. To keep the following analysis
general, we will call R..- -.hunt the total shunt resistor of the
junction, composed of the junction normal resistance RN in
parallel with an eventual external shunt resistor.

JJ Rshunt

Figure 1: RSJ electrical model of a Josephson junction shunted by an
external shunt resistor R s,. C., is the Josephson junction capacitance.

The two Josephson equations, controlling the dynamics of
the Josephson current are:

If = jC
sincp(t) and V(t).--

acp(t) 

27r at
(1)

where 0, = - is the magnetic flux quantum, (f) the
U 2e

difference between the phases of the two macroscopic
wavefunctions associated to the two superconductors
forming the Josephson junction and l c its critical current.
The total current flowing through the device can be written:

dV(t) 1 
I = CJ V(t) + I sin T(t) (2)

R 
shunt

If one writes LK, the zero-current Josephson inductance,
usually defined by [3]:

LJo — 
2,7rI

(1)0 
(3)
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Figure 2: Expected maximum frequency of operation of RSFQ circuits for
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and i = - the reduced current flowing through the device,
C

equation (2) can be rewritten under the usual form, using
equations (1):

2
C0(t) Lio acp(t)

Ljocj 2 + + sin fp(t) (4)
at R shunt at

For low values of the phases, the sinus is about linear and
equation (4) is simply the one of a parallel R1_,C circuit,
whose dynamics is well known. Three natural frequencies
appear:
1- the plasma angular frequency of the parallel LC circuit

1
pl — associated to the period:

0 J

T =27r,\1110C

2- the cutoff angular frequency of the parallel LR circuit

Rshttnt associated to the relaxation time
L j 0

L j 0

LR = Rshunt
3- the cutoff frequency of the parallel RC circuit associated
to the relaxation time T Rc = Rshunt C J

Equation (4) can be rewritten:

1 = + +sin co(t)
. a 2 cp(t) 1 äp(t) .

r 2 pc ar 
(5)

where r = PI t is the time normalized to the Josephson

junction plasma period and f3c is the McCumber parameter
defined by:

rRc _ 
R5hunt2 C

27r 
R

5hwa
2
 C

J
 
I

LR JO C130

(6)

Normalized equation (5) is identical for all Josephson
junctions and can be considered as a law of corresponding
states for Josephson devices. The time constants defined
above can be rewritten as follows:

1
= — T ; T-

LR
 —RC 27r. P

where Cs is the specific capacitance of the Josephson
junction and jc the Josephson junction critical current
density.

It is well known that, for a linear parallel RLC circuit

(sin cp cp) the damping coefficient is:

1 
=

2 A
(7)

\

while the envelope of the signal decreases as exp( pit)

in the damped oscillatory and critical regimes. This means,
from the above expressions of and coo, that the relaxation
time constant of a shunted Josephson junction excited by a
short electrical signal, is 2 -rm. For junctions without
external shunts, the parallel resistor of figure 1 is simply the

normal state resistance RN. For such hysteretic junctions, the
McCumber parameter is usually high, above 10, which
corresponds to quite high values of the relaxation time
constant 2 tRc. For instance, for a typical 4 gm2 junction
with a current density of about 10 kA/cm 2, 2 TRc = 4.6 ps. If
one defines the ultimate frequency by 1/( 1 aRc),
corresponding to the time needed by the junction to switch
to a resistive mode (3 times 2-tRc) and switch back to initial
state (3 times 2TRc again), one finds an ultimate frequency
of operation of about 40 GHz with an aggressive high-
current density technology. This partly explains why the
initial Josephson latching logic developed in the early
eighties never met the expectations and has been given up.

In order to increase the speed of the circuits, the RC
constant has to be lowered, by either reducing R or C j. Since
the capacitance is proportional to the size of the junction, a
reduction of the junction size will not lower the RC constant
since the normal resistance RN will increase proportionnally.
Even for the case of a resistor R made out of an external
shunt resistor, independent of the junction size, a reduction
of the junction size will decrease the critical current,
increase the Josephson inductance, hence the LR constant.
Moreover, some noise considerations have to be taken into
account if one uses very small Josephson junctions. A better
solution is to externally shunt the Josephson junction to
reduce the RC constant while keeping it high enough not to
increase too much the LR constant.

The optimum trade-off is clearly obtained when the RC
constant is lowered to reach the LR constant. From equation
(6), this case is reached when the McCumber parameter pc is
equal to unity. Consequently, the LR and RC time constants
become directly connected to the Josephson plasma time
constant. The new characteristic time constant is

1
--r The associated maximum clock
2.7r Pi

frequency of operation can be defined by

1 1
f0,max =

LIE To Tpi 2

figure 2.

By appropriately shunting the Josephson junctions so that
the McCumber parameter is one, one can then perform
dynamic switching at high speed [4]. Depending on how the
junctions are arranged within superconducting loops,

jc . It is shown in
00Cs
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quantized picosecond pulses, associated to the dynamic
switching of the Josephson junctions, can be generated,
propagated and stored in some cells under the form of
quanta of magnetic flux. To account for such behaviour, the
non-linear response of Josephson junctions need to be put
back in equation (2). Though the solution of this general
equation is much less trivial than its linear counterpart the
global behaviour, in terms of relaxation times, remains
unchanged.

III. APPLICATION TO DIGITAL SQUIDS

A. Introduction

It is possible to use the RSFQ technology to develop
digital Superconducting Quantum Interferometer Devices
(SQUIDs). These devices can count quanta of magnetic flux
under the form of picosecond voltage pulses. The pulses are
processed by RSFQ transmission lines and flip-flop cells
which transform the SFQ pulses in Non-Return-to-Zero
(NRZ) signals, compatible with classical semiconductor
electronics. The main advantage of digital SQUIDs,
compared to their analog counterparts, is their theoretically
infinite dynamics, which should permit to measure absolute
magnetic fields with a very high accuracy. The other
advantage is connected to their intrinsic very high slew-rate,
of the order of 10 9 (Do/sec, corresponding to the digital clock
rate of the SFQ circuits.

B. Principle of operation and results

The principle of operation of the digital SQUID is
presented in [5-6]. Figure 3 shows the circuit diagram of the
SQUID.

SFOkie converte
g
 RS ffip-flop,

Figure 3: Lumped circuit diagram of the digital SQUID device. Test
configuration (1) is used to test the SFQ part of the SQUID device, while
the magnetometer configuration (2) is the configuration to be used for
regular operation.

A new interesting feature about such SQUIDs deals with
its bidirectional bias which consists of a train of alternate
negative and positive SFQ pulses, generated by the clocked
dc/SFQ converter. It allows to "follow" the signal to
measure with only one digital output. Indeed, the output
signal consists of negative or positive SFQ pulses,
depending respectively whether the signal to measure
increases or decreases. The key part of this device is the ac
SQUID defined by the comparator junction J com, in parallel
with inductance Lconip (see figure 3). This junction switches,
generating an SFQ pulse which is processed by the JTL and
the SFQ/dc converter, in two cases: a) when the additional

current produced by an increase of the magnetic field to
detect adds up in the comparator junction with the current
associated to a positive SFQ pulse: a positive SFQ pulse is
getting out of the ac SQUID loop; b) when the current
negative variation produced by a decrease of the magnetic
field to detect adds up with the current associated to a
negative SFQ pulse: a negative SFQ pulse is getting out of
the ac SQUID loop. In other cases, for each negative of
positive clock pulse coming on Jcornp junction, there is no
generated output pulse. A picture of such a digital SQUID is
shown in Figure 4. It has been fabricated in a certified
I509001 foundry at IPHT Jena [1]. The shunted Josephson
junctions, based on a Nb/Al-Al 203/Nb trilayer, have a
current density of 1 kA/cm 2 and an RNIc product of 256 IN.

Figure 4: Picture of the digital SQUID made of 11 shunted Nb/A1-
Al203/Nb Josephson junctions. Junctions have a current density of 1
kA/cm2. Fabrication has been performed at IPHT Jena in Germany. The
analog SQUID on the left is not part of the overall circuit described in
figure 1. It has been added there for additional functionalities, not described
in this article.

Figure 5 shows the output signal measured with a low-
frequency 1 kHz digital clock. The signal to be measured is
a 5 Hz sinusoIdal pattern.

Figure 5: Measurement of a sinusoidal input signal corresponding to a
magnetic field variation (top curve). The central curve shows the measured
signal at the digital SQUID output The bottom curve shows the input
signal reconstructed from the digital measurements.
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Iv. CONCLUSION

The first successful measurements of RSFQ circuits for
digital SQUIDs have been performed. This technology
presents some interest for very high-speed processing of
ultrafast signals, that can be fed from and transmitted to the
"room-temperature world", and sensitive detection of
magnetic and electro-magnetic signals. To that regards,
space scientific applications have always been a powerful
engine to pull such technologies. Connected to that
particular point, we foresee different fields for which such
technologies are of high interest, like low-consumption,
high-speed and high resolution broadband autocorrelators,
or on-chip multiplexing for future submillimeter heterodyne
imaging systems.
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STUDY OF JOSEPHSON ELECTRODYNAMICS IN PARALLEL ARRAYS
OF SUPERCONDUCTIVE JUNCTIONS FOR SUBMIVI-WAVE LOCAL
OSCILLATOR APPLICATIONS

Aim-van Salez, Faouzi Boussaha 
LERMA, Observatoire de Paris, 77 avenue Denfert-Rochereau, 75014 PARIS - France

Jean-Guy Caputo, Lionel Loukitch
Laboratoire de Mathematique, INSA de Rouen, B.P.8, 76131 Mont-Saint-Aignan
cedex - France

Abstract Submillimiter-wave fully integrated superconducting receivers (SIR)
including on a single chip an SIS mixer, a planar antenna and a Long Josephson
Junction (LJJ) operated as local oscillator (LO) have been successfully developped by
Koshelets et al [1,2] at TREE-Moscow (Institute of Radio Engineering and Electronics)
and SRON (Space Research Organization of the Netherlands). Theses SIRs are
potentially ideal for post-Herschel submin-wave spacebome instruments, remote
ground-based observatories like Dome C-Antarctica, and for heterodyne applications
other than astronomy like sensing the upper Earth atmosphere, imaging heterodyne
receivers in medicine, contrababand... We propose that multijunction non-uniform
arrays (NxSIS junctions (N>2) connected in parallel by a Nb stripline, initially
developped at LERMA for mixing operation [3] could also be operated as a submin-
wave LO, by using the demonstrated existence and propagation of fluxons in these
arrays. So far only cavity resonant modes have been observed, yet flux-flow oscillator
(FF0) modes are in theory achievable by proper design. Multijunction-based FFOs
may be an interesting alternative to LJJ-based FFOs in SIRs, allowing wide LO
tunability, wide impedance matching bandwidths, and increased design flexibility and
control of technological parameters. In this paper, we present a numerical study of the
Josephson electrodynamics in this kind of device. In addition, a tentative
measurements of output power from 5 junction array with current density of — 10
kA/cm2 at submm-wave frequencies will be presented.

[1] V.P. Koshelets, S.V. Shitov, A.B. Ermakov, O.V. Koryukin, L.V. Filippenko„
A. V. Khudchenko, M. Yu. Torgashin,P. Yagoubov, R. Hoogeveen, O.M. Pylypenko,
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Superconductivity Conference ASC'2004, USA, October 2004.
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39 (2001), 213-244,. Ed. A.V. Narlikar, NOVA Science Publishers, New York.
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Transition Edge Superconducting detector arrays for a 40-200 pm
spectrometer on the SPICA telescope

Philip Mauskopf,
University of Wales, Cardiff, UK

Invited paper

We present the detector requirements for a spectrometer instrument designed to cover the
40-200 um wavelength range from a cooled space-borne telescope such as the proposed
Japanese SPICA mission.
We discuss possible solutions using transition edge superconducting (TES) bolometers
for achieving the required detector sensitivity, speed, dynamic range and number of
pixels within the constraints of a space-borne platform.
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Ultralow NEP in Hot-Electron Titanium
Nanobolometers

Jian Wei I , David Olaya I , Sergei Pereverzev, Boris S. KarasiO, Jonathan H. Kawamura,
William R. McGrath, Andrei V. Sergeyev, and Michael E. Gershenson

Abstract—W e have developed a hot-electron
superconducting transition edge sensor (TES) that is capable
of counting THz photons and operates at T= 0.3K. We
fabricated superconducting Ti nanosensors with Nb contacts
with a volume of – 3x10 -3 gm3 on planar Si substrate and have
measured the thermal conductance due to the weak electron-
phonon coupling in the material G 4x1044 WA( at 0.3 K. The
corresponding NEP = 3x1049 W/Hz112 . This Hot-Electron
Direct Detector (REDD) is expected to have a sufficient energy
resolution for detecting individual photons with v > 1 THz
where NEP – 3x10-20 W/Hz1/2 is needed for space spectroscopy.

Index Terms—radiation detectors, submillimeter wave
detectors, bolometers, superconducting devices

I. INTRODUCTION

O 
EVERAL advanced space submillimeter astronomy
missions (SAFIR [1,2], SPECS [3],SPICA [4]) have

been recently proposed. These missions will make a
dramatic impact on the achievable sensitivity in the
spectrometer with moderate resolution (R= vav — 1000)
due to active cooling of telescope mirrors down to — 4 K.
This deep cooling would significantly reduce the telescope
emissivity and enable realization of the background-limited
noise equivalent power (NEP) — 10

-19
-10

-20

submillimeter wavelengths (see Fig. 1). However, the NEP
of state-of-the-art direct detectors [2,5] needs to be lowered
by almost two orders of magnitude to meet this goal. The
membrane supported bolometers have come close to
meeting the sensitivity goals [6]: a low phonon conductance
has been achieved in long (— 8 mm) Si 3N4 beams suggesting
an NEP — 1 0

-19 
W/HZ

112
 in the 50-100 mK temperature

range. The further decrease of the thermal conductance is
hindered by the weakening of the temperature dependence
of the thermal conductance due to transition to ballistic
phonon transport.
Besides the more traditional photon-integrating mode of
operation, a photon counting mode may be required to
achieve the lowest NEP. Background-limited operation
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Fig. 1. The NEP limited by the background and by the telescope
emission (5% emissivity, minor temperature 4K, 10K, and 30K) for a
moderate resolution spectrometer (R = 1000, single mode) and the
arrival rate for background photons. The latter is less than 100 s-1
above 1 THz. Below 1 THz, the major contribution is due to the
Cosmic Microwave Background radiation; at higher frequencies,
radiation from the galactic core and dust clouds dominates.

above 1 THz would correspond to a very low photon arrival
rate [7]:

, 1 ( NEP 2
Af ..---- ri < 100 s -1)Ph 
 2 hv

is the optical coupling efficiency). A detector with a time
constant -r will integrate a photon flux if Nphr >> 1.
Therefore, a background limited integrating detector must
have a time constant of 0.1 s or greater. Such a long time
constant is problematic for many detector concepts:
typically, r does not exceed a few milliseconds for hot-
electron detectors and kinetic inductance detectors, so they
both would have to operate in the photon counting mode for
the detection of weak signals. Although the photon counting
mode in the THz range has been considered in several
papers (see, e.g., [7,8,9]), the detection of individual THz
photons has been demonstrated only using the quantum-dot
devices [101. The latter approach has been recently
advanced towards practical application in terahertz
microscopy [11]. The drawback of the quantum-dot detector
for space applications is a necessity to use strong magnetic
field for the most sensitive operation and the lack, at
present, of a multiplexed readout for a large array of such
detectors.

II. HOT-ELECTRON DIRECT DETECTOR

We are pursuing a Hot-Electron Direct Detector (= hot-
electron TES), which can operate in both photon-integrating

Wifiz i 2 at (1)
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and photon-counting modes at 0.3 K [12]. The idea of
improving the sensitivity of bolometers by employing the
hot-electron effects at ultra-low temperatures has been
developed by several groups over a number of years
[7,13,14,15,16]. The fundamental limit of the NEP is set in
this case by the thermal energy fluctuations:

NEP = Al2kB Te
2
 C e ( Te ,V)Ir , ph ( Te ) . (2)

Here C, = yVT, is the electron heat capacity, V is the sensor
volume, y is the Sommerfeld constant, and re.ph is the
electron-phonon energy relaxation time. The sensitivity
increases with decreasing the sensor volume and lowering
the electron temperature Te. Especially strong is the effect of
lowering Te : NEPe_ph — re712 because of a very rapid increase
of the electron-phonon relaxation time ;ph 

0(T
e

."4 in
disordered conductors at ultra-low temperatures (see, e.g.,
[17,18]). Since the electron temperature is always — Tc in
hot-electron TES, then lowering re requires reducing Tc to
the desired level. This can be achieved by magnetic ion
implantation, e.g. +Mn55 ions work well on Ti [19]. Using
conventional nanolithographic methods, the volume of
metallic nanostructures can be reduced down to —le

l
 m3,

Fig. 2. (a) Shadow mask used for the fabrication of Ti HEDDs (the
SEM picture has been taken after the deposition of Ti and Nb films).
The arrows show the directions in which Nb and Ti were deposited.
(b) Cross section along the dashed line on panel (a). A two-layer lift-
off mask consists of the top O.1-&m-thick PMMA layer, used as a
high-resolution electron resist, and the bottom 0.3-gm-thick layer of
polymer PMGI. A deep undercut in the bottom layer allows for the
overlap of the films deposited at different incident angles: Ti is
deposited along the direction normal to the plane of a substrate; Nb is
deposited at 45 incidence angle and perpendicular to the long

dimension of the I urn long slit.

Fig. 3. SEM image of a Ti nanosensor. Top view: the Ti nanosensor
with dimensions 0.04[tm x 0.141.tm x 0.56[tm is flanked by Nb current
leads (Ti is dark gray and Nb is light gray). The rest of Ti film is
separated from the Ti nanosensor and Nb leads by trenches, which are
clearly seen on the bottom microphotograph taken at an angle.

which translates into Ce(0.3 K) 10-19 J/K. For such a
nanosensor, the predicted NEP can be 1049 w/Hz1/2 at

T 0.3 K and 10-20 W/Hz 2 at T 0.1 K [12]. However,
even a record long ;ph — 20 ms measured in thin Hf and Ti
films at 40 mK [18] is insufficiently long for integrating
photons with Nph —100 54.

Equation (2) assumes that the electron-phonon relaxation
is the only mechanism of energy dissipation. To prevent the
energy flow from the antenna-coupled nanosensor, the
electrical leads to the nanostructure should be made of a
superconductor with a sufficiently large superconducting
gap: in this case, while electrical current can freely flow
across the normal metal-superconductor interface, the
outdiffusion of "hot" electrons is blocked by Andreev
reflection. The detector design should also ensure the
suppression of photon emission by electrons in the
frequency range corresponding to the operating temperature
0.3K (— 10 GHz) [20]; this, however, can be achieved
simultaneously with a good impedance match between the
sensor and the embedded circuit.

We have been systematically working on the realization
of ultra-sensitive HEDDs for a number of years
[12,18,21,22] and recently achieved the expected thermal
characteristics in nanoscale Ti HEDDs with Nb Andreev
contacts.

A. Fabrication procedure

The HEDD element is a transition edge nanosensor made
from thin Ti film with superconducting transition
temperature Tc-0.2-0.4 K. The current leads to the
nanosensor are fabricated from Nb films with T c — 8.5 K; a
large superconducting gap in Nb blocks outdiffusion of
"hot" electrons to the current leads. The nanostructure is
fabricated on a silicon substrate using electron-beam
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lithography and e-gun deposition of Ti and Nb. For the
fabrication of an oxide-free Ti/Nb interface, we have used
the so-called "shadow mask" technique: Ti and Nb films
were sequentially deposited at different angles through a
"shadow" mask without breaking vacuum. An SEM image
of a "shadow" mask is shown in Fig. 2. After developing the
resist, the substrates were mounted in an oil -free deposition
system with a base pressure —1x10 -9 mbar equipped with a
cryo-pump and sorption pumps. To reduce substrate/resist
heating in the process of deposition of Nb (melting
T= 2468°C), the substrate holder was positioned at a large
distance from the e-gun source (— 40 cm). The substrate
holder can tilt the substrate at an angle with respect to the
direction to the e-gun source. Thin Ti film was deposited at
a deposition rate —1.5-3 nm/s along the direction normal to
the plane of the substrate, Nb was deposited at a rate 0.5
nm/s along the direction which was at a 45° angle to the
substrate and perpendicular to the long dimension of the
nanosensor. Because the resist thickness exceeds the width
of the narrow channel, Nb film covers only the ends of the
Ti nanosensor.

A Ti device with typical dimensions is shown in Fig. 3.
Among different tested devices the normal state resistance
ranges between 50-100 Ohm and the critical temperature is
between 0.2-0.4 K. The minimum device width is set by the
e-beam lithography. Further reduction of the device length
is problematic: for nanosensors with length comparable to

the thermal length Lc = AlhD1kB T , where D is the diffusion

constant, the superconducting transition temperature will be
significantly increased due to the proximity effect between
Ti nanosensor and Nb current leads. For the studied Ti films
with diffusion constant D — 4 cm2/s, Lc is of the order of 0.1
tun at T= 0.3K. Also, if the length of the Ti nanosensor is
smaller than the electron thermalization length, the
frequency-dependent response and drop in sensitivity might
be expected at hv> ANb (v > 0.3 THz). For this reason we
do not make HEDD devices shorter than — 0.5 gm.

B. Measurement of the thermal conductance
Measurements of the thermal conductance G have been

performed in the dilution refrigerator equipped with several
stages of low-pass electical filters thermally anchored to the
1 K pot and mixing chamber; the filters were designed to
suppress both the low-frequency interferences and rf noise
over the frequency range from kHz to several GHz. Because
of high sensitivity, the devices can be overheated above
their superconducting transition temperature by
electromagnetic noise with the power 6TcC eite_ph s 1 fW.

Figure 4 illustrates the measurement of the thermal
conductance G = C

e
/t

e-ph 
between the electrons in a

nanosensor and the thermal bath. The resistance of devices
was measured by an AC (13 Hz) resistance bridge using a
small (typically, 0.1-1 nA) measuring current. The Ti
nanosensor was slightly heated by a DC current, and the
difference between the electron temperature Te and the
equilibrium bath temperature Tph was determined by
observing the temperature shift of the superconducting
transition. This method assumes that the non-equilibrium
electron distribution function can be characterized with an
effective electron temperature. This assumption is valid at

60

30

T, K
Fig. 4. Measurements of the thermal conductivity between the
electrons in a Ti HEDD device with dimensions
0.04[Im x 0.141,tm x 0.56gm and the thermal bath. The shift of the
superconducting transition is caused by the Joule heat generated in the
sample by the DC bias current.

sub-Kelvin temperatures, where the electron-electron
scattering rate in thin films exceeds by many orders of
magnitude the electron-phonon scattering rate [13]. To
measure G at T < Tc the superconducting transition was
suppressed to lower temperatures by applying a magnetic
field perpendicular to the plane of the nanosensor. The
thermal conductivity was found from the balance equation:

RI?ic =G(Te )(Te —Tph ), (3)

which holds if re - Tph << Tph. For the device with
dimensions 0.04p,rn x 0.14pm x 0.56pm (Fig. 3), we
obtained G(0.3K) = 4x10 -14 W/K. The value of G
normalized to volume G(0.3K)/V= 1.2x107W/(K-m3)
agrees very well with the corresponding value of G/V
measured for much larger meander-patterned Ti films with
dimensions 0.04pm x 5pm x 100,000gm (note that the
length of 10 cm for the latter structures is much greater than
the diffusion length over the electron-phonon relaxation
time, Le _ ph = (Dre-ph) 112). The scaling of G with the sensor
volume (over 6 orders of magnitude) provides an
experimental proof that in both types of structures, the
nanostructures with superconducting contacts and much
larger Ti meanders, the dominant mechanism of energy
dissipation at T 0.3K is electron-phonon scattering, and
that the energy relaxation due to outdiffusion of hot
electrons can be neglected. The measured values of G are in
good agreement with the estimate of G on the basis of the
theory of electron-phonon energy relaxation in disordered
conductors [17] and our previous measurements of the
electron-phonon relaxation rate in disordered Ti films [18].

C. Modeling of the device performance

The Ti HEDD will operate in the voltage-biased TES
mode; that is, its operating temperature will be somewhat
lower than Tc, and the resistance at the operating point, R,
will be much smaller than the normal resistance RN. This
biasing mode enables the device to simultaneously match to
the antenna impedance and couple well to the SQUID.
Indeed, if the DC resistance at the operating point is — 1 Q,

the device Johnson noise would exceed the noise of a typical
DC SQUID; at the same time, a much higher impedance of

0.16 0.240.20
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the device in the THz range (— 50-100 Q) facilitates
coupling of the device to a planar antenna. The signal
photon will be absorbed and increase the electron
temperature in the nanosensor. The increase in electron
temperature will cause the current to decrease, and will be
registered by the SQUID based readout. The response time
of these devices is controlled by the electron-phonon energy
relaxation time re_ph (-5-20 !Ls at 0.3K, depending on
disorder in Ti films and substrate material). If necessary, the
response time can be further reduced by using the negative
electrothermal feedback (ETF) [23]: r= re_ph1(1+L), where L
is the ETF loop gain.

In the photon integrating mode, the thermal-fluctuations-
limited NEP for the developed HEDD with dimensions
0.041am x 0.111m x 0.5!m will be less than 3x10 -19 W/Hz1`2
at 0.3 K (see Eq. 2).

Since the time constant of the detector is not sufficiently
long to integrate the background photons arriving at a rate
< 100 s-1 , the photon-counting mode should be used to
achieve the highest sensitivity at v > 1 THz. This case has
been considered some of us earlier [7]. The analysis show
that for the device with dimensions
0.04pm x 0.11Am x 0.5pm, the energy resolution at 0.3K,
6E, corresponds to the "red boundary" v R = 6Elh =

0.24 THz. The dynamic range ( „r Nfll /h2 )-1 50 dB ( Np
li

h
2 is

the minimum signal which can be distinguished from the
background) and the detector NEP at 1 THz is less than 10-20
W/Hz 1 /2 if the discrimination threshold Er 3.56E.

III. CONCLUSION

We have demonstrated a superconducting Hot-Electron
Direct Detector with a record-low NEP = 3x10

-19 walz 1 /2 at

0.3 K. This operating temperature can be achieved by He3
sorption cooling; for comparison, similar sensitivity in the
conventional bolometers can be realized only at 0.1K or
below, which requires dilution refrigeration or adiabatic
demagnetization cooling techniques. In its most sensitive
photon counting mode, this detector would be suitable for a
background limited spectrometer with moderate resolution
(R-1000) for SAFIR and other space-born far-IR telescopes
with cryogenically cooled mirrors. For higher background
applications (e.g., CMBPol), HEDD offers the background
limited sensitivity at T= 0.3K. The hot-electron detectors
have two other important advantages: (a) they are fabricated
on bulk substrates, and (b) they have a very short time
constant allowing for a high data rate. The HEDDs can be
readily matched to a planar antenna since the device RF
impedance is in the range 50-100 Q and the device size is
much smaller than the wavelength. As with other transition-
edge sensors, the HEDD is compatible with SQUID-based
multiplexing read-out circuits
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To the Sensitivity Estimation of TES
Bolometers for SubMNI Radiation Detection

Operating at Super Low Temperatures
Alexander N. Vystavkin, Alla G. Kovalenko, Ilya A. Cohn

substrate at the same temperatures has been studied, v grn3
is volume of the bolometer absorber. Definitions for (1) and
details of calculations are given in [1] and summary of
measured parameters of samples and calculated
characteristics of possible bolometers are given in Table I.

IL ESTIMATION OF EFFECT OF HOT ELECTRON POWER FLOW-
OUT FROM ABSORBER-SENSOR TO THE BIASING CIRCUIT

Mentioned above calculations are made under set of
assumptions [1} one of which is that absorber electrode
contacts provide Andreev reflection [4] blocking hot
electron power flow-out from the absorber-sensor to the
bias circuit. What will happen when contacts will be not
Andreev ones but ordinary? To answer this question one
may take as a basis the expression for thermal capacity of
electrons in metals [5]

Nk2T
C J/K,— •

2 E (0)

Abstract — The electron energy balance equation was modified
to take into account the effect of transfer of hot electron power
from TES bolometer absorber combined with the sensor to the
biasing circuit with the electron current. Estimation
calculations have shown that the power flow connected with
said transfer is negligibly small in comparison with the hot
electron power transfer to the thin metal film structure and
substrate through electron-phonon interactions for studied
earlier molybdenum-copper bi-layer thin film structures in
0.08 — 0.4 K temperature range [1]. The obtained equation was
used to estimate a ratio of current decrement to incident
radiation power (current sensitivity) of the TES bolometers as
well There were no significant reducing changes in the TES
bolometers current sensitivity found at fixed bias voltage
across the absorber for the studied structures except the case
at temperatures 0.3 K and less and, especially, at absorber
lengths 1 itt and less when the current sensitivity gain of order
of several tens have been calculated.
Keywords—Astronomy, millimeter- and submillimeter-wave
detectors, superconducting devices, transition edge sensor (TES)
bolometers. (2)

I. INTRODUCTION

B
I-LAYER Mo/Cu structures showing the
superconducting transition with critical temperature

tailored by layer thicknesses can be used as the basis for the
constructing supersensitive transition edge sensor (TES)
hot-electron bolometers with combined absorber-sensor [1].
The results of measurements of resistance temperature
dependences of such structures were reported at previous
Symposium ISSTT-16 [1]. Using said dependences and the
electron energy balance equation [2, 1]

=U • I =Ev(T: —T;), (1)

IV- and power-voltage curves of possible bolometers on the
basis of measured Mo/Cu structure samples and then
parameters of possible bolometers were calculated. In (1) U
is the fixed bias voltage, I is the bias current, Te is the hot-
electron temperature, Tph is the temperature of phonons, i.e.
of the thin metal film and substrate, E 3 nW . K-5 31m-3 is the
material parameter taken from [3] where the electron energy
balance equation for thin normal metal film bolometer on Si
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where N is amount of electrons for which the thermal
capacity is to be determined, k 1,38 . 10-23 J/K is
Boltzman constant, Te K is electron temperature, EF (0) is
Fermi energy equal for metals at low temperatures EF (0) =
1...10 eV [5]. We consider N as an amount of electrons
entering absorber-sensor and leaving it simultaneously per
second as a current. If so, we may express N through the
current IA:

N=Ile s- 1 , (3)

where I C/s is electrical current, e 1.6 . 1049 C is electron
charge. Taking into account that the temperature of entering
electrons is Tph K i.e. the temperature of the thin metal film
and substrate (phonons) and the temperature of leaving (hot)
electrons is Te we may obtain from (2) and (3) expressions
for powers leaving the absorber-sensor together with hot
electrons and entering it together with bias current:

.71.2 j-k2T2
7r2 Ik2T2

P = e = filTe2 , P h = Ph = P17'2 W, (4)e 2 eE,(0) 2 eEF(0)

where io = 
2 k2

(5)ff2 eEF (0)

Adding the difference (Pe — 1h) to the right side of (1)

we obtain the electron energy balance equation for the case
when the effect of hot electron power flow-out from the
absorber-sensor to the bias circuit is present:
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Table I

Sample Sample
thicknesses,

nm
TC, K R,,„ Ohm a = 

T fl 

dR

—R dT

U, IN S A/W19 NEP, W/1-1z112

Mo Cu
8 9

12 0 0,93 67 1070 - -

15 35 0,4 2,9 150 l0-7 107 4.10-'9

12 35 0,27 2,6 320 10-8 108 4-10-2°

12 100 0,08 0,6 510 10-9 109 4-10-21

(1 - 6) - for 15 x 1.5 mm2 samples, (7 - 9) — for 8 x 0.8 gm 2 possible bolometers. S, =1A11 1 
'ad 

= 1I U , NEP = AI in
2
oi„ /S1,

noise current of SQUID readout-amplifier next to the bolometer. In our case 4 . 10-12 A/Hz1/2
Vi

n
2
oise is the rms

= U*1 = IV (Te
5 --T1

5,h )± fl1(Te
2 — 7). (6)

Calculations have shown that the value of second member
in right side of equation (6) is not higher than 1% of the first
member for all values of R(Te), U, Te, Tph (two latter — TO in
operating points given in Table I and for minimal of
abovementioned value of Fermi energy E{0) = 1 eV =
-10 9 J . This correlation remains at the reducing of
transverse dimensions of possible bolometers down to 0.8 x
0.08 pin2. Described situation means that the hot electron
power flow-out with the electrical current in our considered
Mo/Cu structures case is more than two orders less intensive
of the hot electron power flow-out owing to the electron-
phonon interactions. It is easy to explain: second power
flow-out takes place through relatively small contact areas
when first one takes place through whole absorber-sensor
volume. By this reason IV- and power-voltage curves
calculated in [1] for bolometers with Andreev contacts will
not differ noticeably from similar curves when contacts are
not of Andreev type but ordinary.

Now with the purpose to estimate the current sensitivity and
NEP of considering bolometers for the case when two
mechanisms of hot electron power flow-out are acting we
add to (1) in a similar way with [1] a radiation power P- rad

to Joule power U. I and small additions Al and AT for
current and temperature:

U(/ + Al) + Prad = Ev [(Te + ATY — TI5A

fi(I Al)[(Te + AT)2 — Tp
2
h ]. (7)

We assume that like in [1] the fixed bias voltage U is
applied to absorber-sensor what provides the negative
electrothermal feedback action in electron system [2]. The
equation for small values can be extracted from (7):

UM + Pra, -z-: 51,it1e
4AT + — Ti

2„) + 2fl/TeAT. (8)

After simple transformation U  _U UAR AR=

R+AR - R R2

= I + M we have Al , . and AR = Then taking
I •

into account the relation a (Te / R)- (AR/ ATE ) (see Table I)

one obtains AT _IT _AR . Substituting obtained
a R al

expression for AT to (8) and taking into account values of a
given in Table I one may see that members containing AT
are negligibly small in comparison with other ones and we
can write:

U AI + P (Te2 _ T p2 h m (9)

We consider at first the case when contacts to the absorber-
sensor are made of a superconductor with high critical
temperature providing the Andreev reflection of electrons in
the absorber-sensor from these contacts. In this case the
member in right side of (9) is absent and we have:

U AI + Pra, 0 . (9')

One can obtain from (9') the expression for SI (see Table I).

In this given point we consider in more details the action of
said above negative electrotherrnal feedback in electron
system of absorber-sensor [2]. The fixed bias voltage and
very sharp dependence of the absorber sensor resistance on
electron temperature (see [1]) leads to the arising of an
electron thermostat. When a deviation of electron
temperature takes place in this thermostat by any reason this
deviation leads to the variation of the absorber-sensor
resistance and consequently of the current through it. This
current variation has such direction that the change of
dissipated Joule power U AI compensates the variation of
electron temperature. For instance when the reason of
electron temperature variation is the incident radiation
power Prad absorbed by the absorber the Joule power change
U AI is equal to P- rad with opposite sign. The described
mechanism of negative electrothermal feedback was
discovered by Irvin [2]. Described consideration will be
useful in subsequent discussion.

We return to the equation (9). One factor is more now in the
electron thermostat operation [see (6)]. This is the hot
electron power flow-out with the electrical current, i. e.
/3/(1e2 _ Ti2th ) The corresponding member ,/3(T2 _ Tp2h )

has appeared in (9). One may obtain the expression for
bolometer current sensitivity from (9) when the hot
electron power flow-out with the electrical current takes
place:

SI 

= U AI — (Te
2 Tp

2
h ) U (1 — ri)'

—Al 1

io 7
e
2 — Tp2h)

where 77 = (11)

One may see from (10) that in considered case the
bolometer current sensitivity is gained in comparison with
the case when the hot electron power flow-out to the bias
circuit is absent owing the blocking it by Andreev
reflection. This gain is explained by the action of negative
electrothermal feedback. The member fl(T2 p

2
h )m in (9)

(10)
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reduces the hot electron power flow-out with the electrical
current owing to the reducing of this current for value Al.
This means that hot electron temperature is increasing. As a
result of this increasing the negative electrothermal
feedback increases the value of current reducing more.
Something similar to iterative process is arising and stops
when the power equilibrium will be restored, i. e. the
equation (9) will be satisfied. To estimate determined by
(11) and then current sensitivity gain determined by (10)
one has to know the Fermi energy EF (0) and to calculate 13.

We estimate for lower value EF (0) of given above ones,
i.e. EF (0) = 1 eV = 1,6 . 109 I Results of estimation using
temperatures and bias voltages given in Table I are
summarized in Table II. The bolometers with dimensions
1 x w — 0.1 x 0.2 and 0.8 x 0.08 lim2 based on the structures
C and d respectively have ;I 0,98 and gain 50. In other
cases is small in comparison with unit and, consequently,
current sensitivities and NEP's are practically the same as in
the absence of the hot electron power flow-out to biasing
circuit with electrical current (Table I).

Table II

Samples Transverse
dimensions of

absorber-sensor
/ x w, gm2

11

b - d — 80 x 8 —0.01...0.02
b - d — 8 x 0.8

— 0.1 x 0.2 ---> 1

d — 0.8 x 0.08 --> 1

III. CONCLUSION

- Modified electron energy balance equation containing the
member taking into account the transfer of hot electron

power from TES bolometer absorber-sensor to the biasing
circuit with the electron current is derived.
- Analysis made on the basis of this equation has shown that
the hot electron power flow-out from the TES bolometer
absorber-sensor to the bias circuit in case of bi-layer Mo/Cu
thin film structures is negligibly small in comparison with
the hot electron power flow-out from electron system to the
metal film and substrate through electron-phonon
interactions. This hot electron power flow-out to the bias
circuit has not noticeable influence on IV- and power-
voltage characteristics of TES bolometers.
- The hot electron power flow-out from the absorber-sensor
to the bias circuit does not deteriorate the bolometer current
sensitivity. On the contrary, at rather small transverse
dimensions and low temperatures of bolometers it leads to
the regenerative gain of the current sensitivity.
- To achieve a practical realization of the regenerative gain
phenomenon the thorough investigation of material
characteristics as well as fabrication technology and design
development are needed.
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Abstract - In this paper we present the results of the
research on the superconducting NbN-ultrathin-film single-
photon detectors (SSPD) which are capable to detect single
quanta in middle IR range. The detection mechanism is based
on the hotspot formation in quasi-two-dimensional
superconducting structures upon photon absorption. Spectral
measurements showed that up to 5.7 gm wavelength (52 THz)
the SSPD exhibits single-photon sensitivity. Reduction of
operation temperature to 1.6 K allowed us to measure quantum
efficiency of -4% at 60 THz. Although further decrease of the
operation temperature far below 1 K does not lead to any
significant increase of quantum efficiency. We expect that the
improvement of the SSPD's performance at reduced operation
temperature will make SSPD a practical detector with high
characteristics for much lower THz frequencies as well.

Index Terms- Superconducting single photon detector, Hot
spot, Infrared range, ultrathin films.

I. INTRODUCTION

T
he development of the teraherz instrumentation is closely

 connected with the improvement of teraherz radiation
detectors. Although single-photon detection in terahertz
range is very attractive for radioastronomy, realization of
even middle infrared single-photon detection is still a
challenging task. An increasing interest in the range of 3 gm
- 5 gm (100THz - 60THz) is connected with the usage of the
atmosphere window suitable for ground-based observation.
Meanwhile such observation is significantly hampered by
the Earth thermal background.

In our early papers we have already reported on the
superconducting single-photon detector (SSPD) based on
ultrathin NbN film that outperforms avalanche photodiodes
and photomultiplying tubes by such parameters as counting
rate, quantum efficiency and level of dark counts [1,2,3]. In
this paper we report the result of our resent research on the
quantum efficiency in the middle infrared range 3gm -51tm
(100THz - 60THz).

This work was partly supported by the INTAS project 03-51-4145.
Funding from the European Commission is acknowledged under project
"SINPHONIA", contract number NMP4-CT-2005-16433.

II. TOPOLOGY AND SSPD FABRICATION PROCESS.

The design of SSPD chip and the SEM image of the
SSPD active area are presented in the figure 1. The SSPD
consists of the sensitive element placed in the center of the
chip between two golden contact pads designed for 50-Ohm
coplanar transmission line.

The sensitive element of the SSPD is a narrow (80 - 120
nm) stripe patterned from 4-nm-thick NbN film as a
meander-shaped structure covering a square area of
10x10 gm2 with the filling factor up to 0.6 (the ratio of the
area covered by NbN film to the whole area of the SSPD
sensitive element). The total length of the meander reaches —
500 gm.

The superconducting NbN film used for SSPD fabrication
is deposited on the sapphire substrate by reactive magnetron
sputtering in the argon and nitrogen mixture. During the
deposition process the substrate is heated up to 850°C
temperature thus leading to the epitaxial growth of the film.
The high quality of the film is proved by such parameters as
surface resistance 400-500 Ohm/square, critical temperature

= 10-11 K, and superconducting transition width
AT, —0.3 K. The sensitive element of the SSPD is patterned

by the direct electron beam lithography and reactive ion
etching. [5].

Fig. 1. Detector chip and photograph of SSPD sensitive element.
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For optimal operation of the detector, it is important that
the width of the superconducting stripe is uniform within
the accuracy of several nanometers. Thus the reduction of
the stripe edge nonuniformity allowed us to produce narrow
enough stripe (80-120 nm), which lead to significant
increase of the quantum efficiency.

III. SSPDs PHOTON-DETECTION MECHANISM

The single-photon detection mechanism by the
superconducting stripe maintained at a temperature
essentially below critical temperature and carrying current
close to the critical is based on the local hotspot (normal
region) formation in the place where a photon was absorbed
[4].

Upon the absorption of a photon with the energy
hw>>24 by a Cooper pair a high energy (nonequilibrium)
quasiparticle appears. Due to electron electron interaction,
secondary excited quisiparticles are created in the avalanche
multiplication process with the characteristic electron
electron interaction time .

As the average energy of the quasiparticales reduces, the
number of quasiparticles increases to the amount of ha/2A
by the order of magnitude, it leads to the local suppression
of superconductivity and hotspot formation. The initial size
of the hotspot, 22 7

, (A T is the thermalization length, i.e. the
length at which the average energy of the excited
quasiparticles reduces to the value of A), is determined by
the ratio hco/24, by the thermalization time of
nonequilibrium quasiparticles TT (i.e. the time during which
the average energy of excited quasiparticles decreases to A)
and by the diffusivity of normal metal D. During the time by
the order of magnitude equal to the themialization time, the
hotspot grows due to diffusion of hot electrons
(quasiparticles) from the center of the hotspot. The growth
of the hotspot leads to the extrusion of the supercurrent from
the normal part of the film to the sides of the stripe. If the
transport current density around the hotspot exceeds the
critical current density the entire cross-section of the film
becomes resistive leading to the appearance of a voltage
pulse with amplitude proportional to the magnitude of the
transport current. Subsequent recombination of the
quasiparticles leads to the decrease of the hotspot and
superconductivity restores.

Iv. EXPERIMENTAL SETUP AND MEASURED RESULTS

A. Experimental setup.

To research how quantum efficiency of the SSPD depends
on temperature in the 1.6 K - 4.2 K range we used a double-
wall cryogenic insert for transport dewar (see fig. 2). The
temperature below 4.2 K was achieved by pumping of the
helium vapour from the insert. Controlling the helium
vapour preassure we reached desired temperature which was
measured by the previously calibrated preasure sensor.

SSPD was mounted to a 50-Ohm coplanar line which was,
in turn, connected to a rigid coaxial cable. The SSPD was
illuminated by LEDs (light emitting diodes) operated at

Fig. 2. Experimental setup for SSPD count measurements at 1.6K-4.2K

temperature range for 3p.m and 5pm wavelength.

cryogenic temperature which were mounted on the same
holder with the SSPD.

DC biasing of the SSF'D was performed with a home built
bias-T which consisted of a capacitor transmitting high
frequency signal and a resistor of 20-100 Ohm in the DC
arm of the bias-T. The response signal of the SSPD was
amplified by room temperature amplifiers.

The voltage transients of the SSPD photoresponse were
observed with the single-shot oscilloscope and were counted
by the electronic counter. The SSPD was biased in the
voltage source mode. The experimental setup is presented in
the figure 2.

Broadband spectral characteristic of SSPD in the
wavelength range of 0.6-5.711M were also studied in an
optical cryostat. Pumping of helium vapour from the cryostat
allowed us to perform experiments in temparature range
3 K-5 K. As the monochromatic light source we used the
infrared spectrometer. The radiation was delivered to the
detector installed in the optical cryostat as a free-space
propagating beam and was focused by a set of mirrors. We
used sapphire (in the wavelength range 0.6-1 pm) or silicon
(in the range 1-5.7 gm) input windows of the cryostat.
Electronic read-out was the same as described above.

Quantum efficiency (QE) was determined as the ratio of
electrical photoresponse pulses of the SSPD to the number
of photons incident on the SSPD active area of 10x10m2.
The power of LEDs was controlled by their bias current thus
ensuring that it remains constant during the experiment. The
power of the spectrometer was calibrated separately with a
Golay cell.

For better accuracy of QE measurements, as a reference
point we used the value of QE measured at 1.3-iim
wavelength in a calibrated setup similar to one described in
our previous publications [3].

B. Experimental Results.

Figure 3 presents QE vs. wavelength measured at 3 K and

1 20
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5 K temperatures with infrared spectrometer as the light
source. The SSPD transport current was equal to 0.94 k. We
have shown that the decrease of the operation temperature
significantly improves quantum efficiency in the middle
infrared range, i.e. the ratio of quantum efficiencies at 3 gm
wavelength (marked by an arrow in fig. 3) is more than two
orders of magnitude.

The spectral sensitivity is strongly dependent on the SSPD
transport current lb as well. The maximum QE was observed
at currents very close to the critical current Ic (see fig. 4).

To determine how QE at 5-gm-wavelength depends on the
temperature we used the experimental setup with cryogenic
insert described above.

Figure 5 shows the temperature dependence of QE at
different transport currents. One can see a significant
increase of QE with the reduction of temperature from 5 K
to 1.6 K. At transport current of 0.95 k it is of about two
orders of magnitude whereas at Ib=0.861c the increase of
QE is almost four orders of magnitude. At temperature
below 2 K one can see that the dependence of
QE on temperature becomes less steep compared to higher
temperatures. This trend is much clear for 3 gm wavelength
and 0.4-2.5 K temperature range: figure 6 presents SSPD
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Fig. 5. QE versus temperature at the different bias current for 5iim
wavelength.

count rate measured at constant LED power and constant
ratio of lb/k.

To compare the SSPD with traditional integrating
detectors at 5 tirn wavelength we estimated the noise
equivalent power (NEP) of the SSPD. For single-photon

io3

102
0.4 0.6 0.8 1

T,K

Fig. 6. Count per second versus temperature 31.1m wavelength.

detectors NEP is given by

h • v 
NEP --,-- • -v2R ,

QE

where hv is the quantum energy, QE is quantum efficiency
at a given wavelength and R is dark count rate. In [6] we
reported that R exponentially drops with SSPD transport
current decrease and at 2 K temperature the best measured
value of R was 2x10 -4s-1 for Ib/k=0.89. Taking QE values
from figure 5 we have the best NEP value of 8x10-21
wakii2 at 5 pm and bias current 0.89 IC.
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Fig. 4. Spectrum dependence SSPD at 3K temperature and different transport
currents in range 0.78 to 0.94 of Ic.

V. CONCLUSION

We have demonstrated that the reduction of operation
temperature leads to significant improvement of the SSPD
quantum efficiency in the middle infrared range. At
operation temperature of 1.6 K, the SSPD exhibits quantum
efficiency of 1% at 5 gm wavelength.. Taking into account
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extremely low level of dark counts of 2x1 
04s1 

we obtained
noise equivalent power of 8x10-21 w/Hz112 at 5 pm
wavelength (60THz). This makes SSPD a practical detector
high frequency for THz astronomy.
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Direct Detection and Interferometer
Technologies in Terahertz Region

Hiroshi Matsu°

Abstract-Two innovative direct detection technologies in
terahertz region are reviewed. One is superconducting direct
detector and another is bolometric interferometer.
Combination of the two technologies would be useful for high
dynamic range imaging in terahertz frequencies. We have
developed SIS photon detectors, which have band-pass response
in the atmospheric window at 675 GHz. With 300 K
background radiation, detectors operate under shot noise limit
with NEP of about 1045 W/Hzu at 0.3 K. The same detector
give NEP of 1044 W/Hzu at 4.2 K with thermal shot noise limit,
which is better than 4.2 K bolometers. Integrated cryogenic
readout is designed using GaAs-JFETs. We are also working on
Multi-Fourier Transform interferometer (MuFT), which is a
kind of bolometric interferometer. Martin-Puplett type
interferometer with double input aperture is used to make
aperture synthesis images in wide band with spectral and
polarization information. Dynamic range of the obtained
images are superior to heterodyne interferometers because of
good u-v coverage owing to the wide frequency band. Combined
with heliostat installed in Nobeyama Radio Observatory we
made imaging experiments with astronomical sources.
Installation of focal plane array of bolometric detectors or SIS
photon detectors is planned to increase observing field of view
appreciably.

Index Terms-superconducting direct detector, SIS photon
detectors, focal plane array, bolometric interferometer,
Martin-Puplett type interferometer, high dynamic range
imaging

I. INTRODUCTION

nEVELOPMENT of direct detector technology is
important because of their high sensitivity and broad

frequency coverage as well as large number of detector pixels
to make wide field observations. What is more important for
terahertz imaging system is high dynamic range imaging not
only for intensity scale but also for frequency coverage and
field of view.

Direct detection systems have great advantage over
heterodyne system for its simplicity and their sensitivity
which is not limited by the heterodyne quantum limit. For this
reason two dimensional array of TES bolometers and
superconducting direct detectors have been developed. I will
discuss on the importance of high dynamic range imaging
system using superconducting direct detectors and
bolometric interferometers. Both of these technologies have
recently been applied for astronomical observations [1], [2].

This work was supported by grant-in-aid of the Japan Society of
Promotion of Science No.13304015, 16204010 and 18206042.

H. Matsuo is with Advanced Technology Center, National Astronomical
Observatory of Japan, Mitaka, Tokyo 181-8588 Japan (e-mail:
h. rnatsuo@nao ac. jp).

II. HIGH DYNAMIC RANGE IMAGING IN THZ REGION

A. Intensity Scale

For submillimeter-wave ground-based observation,
atmospheric background is around 100 pW and background
limited NEP is about 10 -16 W/Hz° 5 . Hence, dynamic range of
106 is required. Observation from space requires NEP of 1048
to 1049 W/Hz° 5 to achieve background limited performance.
For calibration purpose we would observe planet or asteroid
which have 10-100 pW of input radiation power and high
dynamic range of about 108 is required. These numbers are
not easy to realize with bolometric detectors.
Superconducting direct detectors have advantage over TES
bolometer because of their quantum response with high
dynamic range [3].

B. Frequency Coverage

Instantaneous frequency coverage of direct detectors is
much larger than heterodyne receivers in terahertz
frequencies. For spectroscopic observation with direct
detectors, either Fourier transform spectrometer, grating
spectrometer or Fabry-Perot spectrometer is used in front of
focal plane detectors. The size of the spectrometer typically
limit spectral resolution to about 100 MHz or viAv < 104 for 1
THz in case of Fourier transform spectrometers. Because
spectrometers with direct detectors do not suffer from the
quantum limit of heterodyne receivers, they can achieve
higher performance at higher frequencies.

C. Field of View and Angular Resolution

Focal plane array of bolometric detectors are being built.
However, for single dish observations, angular resolution is
limited by the diffraction of the telescope aperture. Aperture
synthesis interferometers give much higher angular
resolution, but have limited field of view. It is not easy to
install focal plane array of heterodyne interferometer with
wide frequency coverage. On the other hand, bolometric
interferometers combined with focal plane array is an
attractive solution, which can be accommodated with focal
plane array of direct detectors with wide frequency coverage.

D. High Fidelity Image

Combination of all the features discussed above result in
high fidelity imaging in terahertz frequencies. This is the goal
of our imaging instrument with superconducting direct
detectors and bolometric interferometers, which could be
applied to variety field of terahertz technologies [4].
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III. SIS PHOTON DETECTORS

We have developed SIS photon detectors in submillimeter-
wave, which are antenna-coupled superconducting direct
detectors based on photon assisted tunneling of quasi-particle
[5], [6]. Their input coupling is designed using distributed
junction array to match atmospheric window at 675 GHz. Fig.
1 shows a schematic I-V curve of superconducting tunnel
junction with and without photon illumination. When
incident photon is coupled to antenna connected to each
electrode of a tunnel junction, quasi-particle tunneling step is
observed.

Sapphire lens + Detector

pita' e lens + Det.tor Superconducting magnet
Win N Fa,

Fig. 2. Setup inside ASTE cryostat and close up view of detector part.
Cryostat is cooled by GM cooler and He3-He4 sorption fridge. SIS photon
detectors are installed at backside of hyper-hemispherical sapphire lens [1].

hv

2Aie

Fig. I. Idealized current vs. voltage characteristics of SIS junctions, with no
radiation input (thin line) and with input photon energy (hv) of about 2/3 of
the gap energy (2A), where photon assisted tunneling step (thick line) is
shown [3].

The current increase is observed so that one photon creates
one quasi-particle tunnel through the junction. Responsivity
ofthe SIS photon detector and their noise performance can be
expressed as:

S =17 • -

e
 [A/W]

hv

N = 112eI [AMU]

hv 21 r
NEP = NIS = -- - LW/

,

 H
--1

z
e

where ri is a quantum efficiency and 1 is a leakage current.
For leakage current of 100 pA and quantum efficiency of 0.5,
we could get NEP of 3x10 17 W/Hz° 5 . Actual performance
we have measured for 650 GHz SIS photon detectors is
quantum efficiency of 0.2 and optical NEP of 1.6x1046
W/Hz° 5 [5].

One of the features of these detectors is that they work
under shot noise limit under various operating conditions.
Under background loading of effective temperature of 300 K,
they show close to a shot noise limited performance with
NEP of about 1045 W/Hz° 5 [1]. For operating temperature of
4.2 K, they also show shot noise limited performance of
thermal leakage current of the tunnel junction and their NEP
is about 1044 W/Hz° 5 [3].

Another feature is that SIS photon detectors have high
saturation current of the order of 100 1.1A, and their dynamic
range is expected to be larger than 109 [3], whereas
measurement have shown that dynamic range is larger than
107 and can be used for variety of terahertz application fields

0 100 200 300
Time [sec]

Fig. 3. Drift scan observation of the moon with SISCAM-9 in ASTE under
estimated atmospheric transmittance of 1% [1]

We have fabricated 9-element array of 650 GHz SIS
photon detectors and installed in a cryostat for
submillimeter-wave astronomical observations. Fig. 2 shows
the setup inside the cryostat. We call the observing system as
SISCAM-9 or superconductive submillimeter-wave camera
with nine detector element. SISCAM-9 is installed in a 10-m
diameter submillimeter-wave telescope in Atacama, ASTE,
Atacama Submillimeter Telescope Experiment [7].

The performance of SIS photon detectors in the ASTE
cryostat is that their noise is about ten larger than the shot
noise of input photo current through the junction that is 3 nA
on average.

After we have made evaluation of I-V characteristics and
noise measurement in ASTE, we have performed observation
of moon, which is the first run to observe an astronomical
source with superconducting direct detectors. Fig. 3 shows
the drift scan measurement of the moon for one of the
detector channel.

To realize large format array of SIS photon detectors,
integrating amplifier with multiplexed readout is being
developed using GaAs-JFET technology [8]. GaAs-JFETs
operate as low noise device at 0.3 K with power dissipation
of less than 1 11,W. Using capacitive trans-impedance
amplifier (CTIA) photo current of SIS photon detector can be
integrated on feedback capacitor and the signal can be
multiplexed.

IV. MuFT INTERFEROMETER

The multi Fourier transform interferometer, or MuFT, is an
aperture synthesis bolometric interferometer with
spectroscopic and polarization information [9]. Focal plane
array could be used to increase observing field of view.
Schematic presentation of MuFT is given in Fig. 4. Light
collecting part, LiC, defines the baseline of the interferometer.
Fourier interferometer part, Fl, have two input polarizer and a
beam combiner, each made of wiregrid for the Martin Puplett
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Fig. 4. Schematic optical arrangement of the MuFT. This is based on
Martin-Puplett interferometer using wire grids as input polarizers and a
beam combiner [9].

type interferometer. Dual polarization bolometric detectors
can be used as detector and sampling part, DeS. Because the
interferometer is Martin Puplett type with wiregrid polarizers,
combination of wire direction gives independent measure of
four stokes parameters, I, Q, U and V.

Actual optical setup of MuFT is shown in Fig. 5. The beam
diameter is 50 mm and input beams coming from above are
reflected by wiregrids aside to rooftop mirrors. The reflected
beams then go through the wiregrid to the combiner to the left.
One of the rooftop mirrors is continuously driven by a voice
coil at right bottom in the figure.

We have made laboratory experiment to image a
blackbody source to confirm the basic principle of MuFT
interferometers with 1.5 K bolometers that operate from 100
GHz to 900 GHz. Because of the large frequency coverage of
bolometric detectors, u-v sampling is good enough to get low
sidelobe images even with limited number of baselines [10].

Fig. 5. Picture of the MuFT interferometer. Two input beams come from the
top into the wire grid polarizers, then reflected aside to corner reflectors.

Fig. 6. Mutual coherence interferograms of the sun obtained by the MuF'T
with baseline lengths of 12 cm (left) and 16 cm (right) [2].

We have installed the MuFT with a heliostat in Nobeyama
Radio Observatory. The heliostat has 700 mm diameter
primary mirror and maximum baseline is about 400 mm,
which is limited by optical configurations. Fig. 6 shows an
example of mutual correlation interferogram obtained during
observation of the sun. We used single element bolometer
operating at 1.5 K. for the measurement. Frequency range of
the detector is from 100 GHz to 900 GHz. But because of the
limitation of atmospheric transmittance, observation is
essentially made in millimeter-wave frequencies. Fourier
transformation of these interferograms show the interference
fringe is consistent with the size of the sun with different
baseline spacing [2].

V. COMBINATION OF TWO TECHNOLOGIES

Although the developments of SIS photon detectors and
MuFT interferometers are being done separately,
combination of these technologies would enhance observing
capability appreciably. Because MuFT interferometer is a
direct detection interferometer, amount of data rate is small.
Hence, focal plane imaging array can be easily
accommodated with MuFT interferometer, that is identical to
Fourier transform spectrometers with focal plan imaging
array.

As an example, using two 1-m diameter telescopes with
maximum baseline of 100 m in space and 1000-element focal
plane array detectors at 1 THz with NEP of 10 -18 W/Hz° 5 , we
could achieve sensitivity of 100 py/Hz" with observing
field of view of more than 1000 arcmin2 and angular
resolution of less than 1 arcsecond. With MuFT
interferometer, spectral and polarization information is also
acquired. High dynamic range imaging in intensity scale,
frequency range and observing field of view, could be
achieved simultaneously.

VI. CONCLUSION

We have presented development of two direct detection
technologies, which could be used to make high dynamic
range imaging in terahertz frequencies. These technologies
have already shown their performance as astronomical
instrumentation. It is of great interest to combine these
technologies for future high dynamic range imaging in
terahertz frequency region.
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Prototype finline-coupled TES bolometers for
C OVER

Michael D. Audley, Robert W. Barker, Michael Crane, Roger Dace, Dorota Glowacka, David J. Goldie,
Anthony N. Lasenby, Howard M. Stevenson, Vassilka Tsaneva, Stafford Withington, Paul Grimes,

Bradley Johnson, Ghassan Yassin, Lucio Piccirillo, Giampaolo Pisano, William D. Duncan, Gene C. Hilton,
Kent D. lrwin, Carl D. Reintsema, and Mark Halpern

Abstract— COVER is an experiment which aims to detect
the signature of gravitational waves from inflation by measuring
the B-mode polarization of the cosmic microwave background.
CLOVER consists of three telescopes operating at 97, 150, and 220
GHz. The 97-GHz telescope has 160 feedhorns in its focal plane
while the 150 and 220-GHz telescopes have 256 horns each. The
horns are arranged in a hexagonal array and feed a polarimeter
which uses finfine-coupled TES bolometers as detectors. To detect
the two polarizations the 97-GHz telescope has 320 detectors
while the 150 and 220-GHz telescopes have 512 detectors each.
To achieve the target NEPs (1.5, 2.5, and 4.5 x 10 -17 \V/ 071-Z)

the detectors are cooled to 100 mK for the 97 and 150-GHz
polarimeters and 230 mK for the 220-GHz polarimeter. Each
detector is fabricated as a single chip to ensure a 100% opera-
tional focal plane. The detectors are contained in linear modules
made of copper which form split-block waveguides. The detector
modules contain 16 or 20 detectors each for compatibility with
the hexagonal arrays of horns in the telescopes' focal planes. Each
detector module contains a time-division SQUID multiplexer to
read out the detectors. Further amplification of the multiplexed
signals is provided by SQUID series arrays. The first prototype
detectors for COVER operate with a bath temperature of
230 mK and are used to validate the detector design as well as the
polarimeter technology. We describe the design of the CAWER
detectors, detector blocks, and readout, and present preliminary
measurements of the prototype detectors' performance.

Index Terms— Submillimeter wave detectors, Finline trans-
itions, Superconducting radiation detectors.

I. INTRODUCTION

A. Scientific motivation

T
HOMSON scattering of primaeval radiation in the earlyI Universe can lead to linear polarization[1] in the cosmic

microwave background (CMB). The polarization depends on
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density fluctuations, and thus carries cosmological informa-
tion which is complimentary to the well-studied temperature
anisotropies of the CMB. The linear polarization may be
decomposed into a curl-free part and a divergence-free part,
denoted E- and B-mode respectively, by analogy with the
electric field strength E and magnetic induction B. Linear
density perturbations do not produce B-mode polarization,
while tensor perturbations, as might be produced by gravita-
tional waves, produce E- and B-mode polarization with similar
amplitude[2], [3]. Thus, by measuring the B-mode polarization
of the CMB with CtOVER we hope to make an indirect
detection of a background of primordial gravitational waves.

B. Overview of gOVER

The COVER experiment is described in detail
elsewhere[4]. COVER consists of three telescopes observing
at frequencies of 97, 150, and 220 GHz. The focal plane
of each telescope will be populated by feed horns, each
connected to a polarimeter. The polarimeter technology is
yet to be determined. As part of the technology development
program for CeOVER we are constructing a Single Pixel
Demonstrator. This instrument will contain six TES detectors,
allowing us to evaluate different polarization technologies, as
well as validating the detector design.

II. CLOVER DETECTORS

A. Detector Requirements

For maximum sensitivity, we require that the detectors
be background-limited, i.e. the contributions to the noise
equivalent power (NEP) from the detectors and readout must
be less than half of the photon noise from the sky:

NEPL-1-- NE13
0 ‹ -4-1 NE13;2:hoton (1)

Once the detectors are background-limited the only way to
improve the sensitivity is to increase the number of detectors.
CeOVER's sensitivity requirements mean that we need 160
horns at 97 GHz and 256 each at 150 and 220 GHz. Because
the polarimeter splits the power from each horn into two
modes which must be measured independently, the number
of detectors is twice this. We require a detector time constant
of less than 1 ms. Also, the detectors must be able to absorb
the power incident from the sky without saturation. This power
is variable and depends on the weather. The power-handling
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TABLE I

COVER DETECTOR REQUIREMENTS AT THE THREE OPERATING

FREQUENCIES.

Centre Number NEP Power

Frequency Band of Requirement Handling

(GHz) (GHz) detectors (10— ' 7 WRATz) (pW)

97 82-112 320 1.5 6.7

150 127.5-172.5 512 2.5 11.5

220 195-255 512 4.5 18.8

Fig.
requirement is for the detectors to be able to operate for 75% of
the time at the site. The detector requirements are summarized
in Table I.

B. Detector Architecture

The current configuration has a single TES on each chip,
fed by a single finline. There are two main reasons for going
against the current trend towards large monolithic arrays.
First, because the focal plane is populated by feedhorns,
the waveguides coming from the polarimeter are on a pitch
which is much larger than the size of the detectors. The
horn diameters are 18.4, 12.77, and 8.4 mm at 97, 150, and
220 GHz, respectively. A monolithic array would have large
inactive areas between active elements, increasing the number
of wafers that would have to be processed, and hence the cost
and manufacturing time. Second, because high sensitivity is
essential for achieving COVER's science goals, we decided
to fabricate each detector on a single chip so that good devices
could be selected to guarantee that all the detectors in each
focal plane are working. The chips are micromachined and
diced by deep reactive ion etching (DRIE) at the Scottish
Microelectronics Centre.

C. R.F. Design

To reach background-limited sensitivity CtOVER's bo-
lometers must -have a high absorption efficiency. Power is
coupled from the waveguide to the TES planar circuit using an
antipodal finline taper consisting of two superconducting fins
of Nb separated by 400 nm of Si0 2 [5], [6] (see Fig. 1). The
lower Nb layer is 250 nm thick. The upper layer is 500 nm
thick to ensure reliable lift-off patterning with the step over
the oxide layer. The whole structure is deposited on one side
of a 225-pm silicon substrate. Before the fins overlap, the
thickness of the SiO is much less than that of the silicon and
the structure behaves as a unilateral finline. As the fins overlap,
the structure starts to behave like a parallel-plate waveguide
with an effective width equal to the overlap region. When
the width of the overlap region becomes large enough for
fringing effects to be negligible, a transition to a microstrip
mode has been performed. The microstrip is then tapered to
the required width. COVER uses a 3-pm Nb microstrip with
a characteristic impedance of 20 to deliver power to the
TES.

The detector chip's 225-itm silicon substrate loads the
waveguide in which it sits, changing the waveguide im-
pedance. To prevent reflections the chip has a tapered end

. Layout of prototype COVER detector chip.

Fig. 2. COVER prototype bolometer silicon nitride island showing TES
and microstrip leading to termination resistor.

which provides a gradual impedance transition. The prototype
detectors for the Single Pixel Demonstrator sit in a WR-10
waveguide and have a taper angle of 40°. This angle was
chosen based on finite-element electromagnetic modelling.

D. Bolometer Design

CtOVER's bolometers are low-stress silicon nitride islands
suspended on four legs (see Fig. 2). The nitride is 0.5 pin
thick. The thermal conductance to the thermal bath is con-
trolled by the four nitride legs. The microstrip carrying power
from the finline to the bolometer is terminated by a 20-
i Au/Cu resistor which dissipates the incoming power as

heat that the superconducting transition edge sensor (TES)
can detect. A shunt resistor in parallel with the TES ensures
that it is voltage biased so that it operates in the regime of
strong negative electrothermal feedback[7]. For example, if the
temperature drops, so does the resistance of the TES. Since
it is biased at constant voltage, this means that the current,
and hence the Joule power, will increase, heating up the TES.
Conversely, if the temperature increases the resistance will
increase, reducing the current, and thus the Joule heating.
This means that the TES operates at a bias point that is in
a stable equilibrium. Thus, the TES is self-biasing. There is
no need for a temperature controller to ensure that it remains
at the correct bias point. Also, the electrothermal feedback
cancels out temperature fluctuations which has the effect of
suppressing the Johnson noise.

The TES films in CANER are Mo/Cu proximity-effect
bilayers. The transitions of the bilayers can be made as sharp
as 1-2 mK for high sensitivity. The sensitivity of the TES
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Resistance versus Temperature
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Fig. 3. Resistance versus temperature plot for one of the prototype CLOVER
detectors. The transition is about 3 inK wide from top to bottom.

Fig. 4. Prototype CLOVER detector chip. The chip is about 16 mm long.

shown in Fig. 3 is a = =  > 100. We can also
tune the transition temperature (Te) of the films to the desired
value by choosing the film thicknesses.

The operating temperature of CeOVER's detectors is chosen
to meet the NEP requirements and is dominated by the phonon
noise. Cooling is provided by a Cryomech PT-410 pulse-
tube cooler, a high-capacity Simon Chase He-7 cooler, and
a miniature dilution refrigerator[8]. Because a TES is a low-
impedance device it is not very susceptible to microphonics,
making it feasible to use a pulse-tube cooler. The 97 and 150-
GHz detectors will operate with a base temperature of 100 mK
and 71, =-- 190 mK, while the 220-GHz detectors require a base
temperature of 230 m1( and 7', -= 430 mK.

All of the detectors for the Single Pixel Demonstrator have
been fabricated and are undergoing testing. Figure 4 shows a
prototype CiOVER detector chip. We plan to carry out RF
measurements of the COVER detectors in the near future
using a cryogenic black body source.

III. DETECTOR READOUT AND PACKAGING

A. Readout

Given the large number of detectors in this instrument (320
at 97 GHz and 512 each at 150 and 220 GHz) some form of
multiplexing is needed to have a manageable number of wires
from room temperature. We use 1 x 32 time-domain SQUID
multiplexers[9], [10] fabricated by the National Institute of
Standards and Technology. All the multiplexer chips in each of
CeOVER's three telescopes share address lines, significantly
reducing the number of wires needed to room temperature. The
SQUID series arrays[11] that provide the third stage of amp-
lification are mounted in eight-chip modules which provide

the necessary magnetic shielding. These modules are heat-
sunk to the 4-K stage of the cryostat and they are connected
to the multiplexer PCB with superconducting NbTi twisted
pairs. Room-temperature multi-channel electronics (MCE),
developed by 'the University of British Columbia, provide
SQUID control and readout as well as TES bias. CeOVER's
MCE is similar to that used by SCUBA-2[121

B. Populating the Focal Plane

The feedhoms are arranged in a hexagonal array. However,
the 1 x 32 multiplexer chips we are using lend themselves
more naturally to a planar configuration where we have up
to 16 horns in a row. We therefore had to come up with a
compromise arrangement which would allow us to tile the
focal plane efficiently. As shown in Fig. 5 we split the 97-
GHz focal plane into three regions. Clockwise from upper
right these are a 7 x 7-horn parallelogram, an 8 x 7-horn
parallelogram, and an 8 X 8-horn parallelogram. The two
waveguides corresponding to each horn are arranged so that
they are all parallel within one of these regions. This allows
us to cover each region with linear detector blocks stacked
on top of each other with an offset to match the hexagonal
horn pitch. The orientation of one of these detector blocks is
shown by a dark rectangle in each of the three regions. The
main advantage of this arrangement is that it allows us to use
identical detector blocks to cover a focal plane, reducing cost
and complexity. The 97-GHz focal plane needs 22 detector
blocks to cover it. The scheme for covering the 150- and 220-
GHz focal planes is similar, except that the horns are arranged
in a hexagon with a side of ten horns. This means that there
are 28 detector blocks, each containing 20 detectors and one
1 x 32 multiplexer chip.

This scheme has the apparent disadvantage that we are
under-using the 1 x 32 multiplexer chips by a factor of up
to two, increasing the number needed. However, because we
are not using all of the first-stage SQUIDs on a multiplexer
chip, we can connect the detectors to those SQUIDs that have
the most similar critical currents. This optimizes the first-stage
SQUID biasing, reducing the noise contribution from this stage
of the readout. Reducing the number of detectors multiplexed
by each multiplexer chip also reduces the aliased readout
noise, improving the NEP. Another advantage of under-using
the multiplexer chips is that we can use chips where not all
the first-stage SQUIDs are functioning, reducing the cost per

C. Detector Block

The detector block comes in two halves, upper and lower.
When these are put together they form split-block waveguides,
into which the finlines protrude. The edges of the finlines stick
into shallow slots in the sides of the waveguides for grounding.
The serrations on the edges of the finlines (see Fig. 1) are there
to prevent unwanted modes from propagating. A simplified
view of a detector block holding four detectors is shown in
Fig. 6.

Aluminium wire bonds provide electrical connections from
the detector chip to a PCB carrying the multiplexer, inductors,
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Fig. 5. Layout of 90-GHz focal plane. The dark rectangles show the
orientation of linear detector blocks.

Fig. 6. Detector block concept showing how four detectors would be mounted
in a block. The upper and lower blocks form waveguides in which the fi nlines
sit.

and shunt resistors. This PCB has gold-plated copper tracks
and as much of the copper as possible is left on the board to
help with heatsinking. The gold is deposited by electroplating
in order to avoid the use of a nickel undercoat. The traces are
tinned with solder to make them superconducting. The PCB
is enclosed in a copper can which is wrapod in niobium foil
under which there is a layer of Metglas V 2705M, a high-
permeability amorphous metal foil (Hitachi Metals Inc.). The
Nb foil excludes magnetic fields while the Metglas diverts
any trapped flux away from the SQUIDs. Further magnetic
shielding is provided by high-permeability shields built into
the cryostat.

D. Detector Mounting Scheme

In the final instrument each detector block will carry either
16 or 20 detectors. We would like to be able to remove and
replace one of these detectors without disturbing the others.
Thus, we mount each detector chip on an individual copper
chip holder, which is then mounted in the detector block.

We must make good thermal contact to the back of each
detector chip, while at the same time relieving stresses caused
by differential contraction that could demount or break the
chip. We fix the chip to a chip holder using Stycast 1266
epoxy. The chip holder has a well in the centre to divert excess
epoxy away from the suspended nitride island.

IV. CONCLUSION

We have developed a process that allows us to mass-produce
finline-coupled TES bolometers. This is the first time TES
detectors have been mass-produced in the United Kingdom.
We have produced prototype detectors for COVER and
found that the TES films are of high quality, making for
sensitive detectors. More development of the thermal design
is needed to achieve the required power handling. We expect
to measure the R.F. response of these detectors in the near
future, demonstrating the operation of a finline transition on a
silicon substrate for the first time.
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Precise measurement of CMB polarisation from Dome-C: the BRAIN
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The characterisation of CMB polarisation is one of the next challenges in
observational cosmology. This is especially true for the so-called B-modes that
are at least 3 orders of magnitude lower than CMB temperature fluctuations. A
precise measurement of the angular power spectrum of these B-modes will give
important constraints on inflation parameters.
In this talk, I will describe the BRAIN experiments based on bolometric
interferometry and dedicated to CMB polarisation measurement. A high
rejection of systematic effects is obtained thanks to interferornetry technique
while the use of low temperature bolometers allows for high sensitivity. This
experiment is proposed to be installed in Dome-C, Antarctica, to take advantage
of the extreme dryness of the atmosphere and to allow long integration time. A
first campaign has been carried out this year at Dome-C to install and test a
cryogenic system able to operate automatically during the Antarctic winter.
With this system we have also carried out a measurements of the Stokes
parameters of atmospheric emission at 145GHz.
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Microwave Detection and Mixing in Metallic Single Wall
Carbon Nanotubes and Potential for a New Terahertz

Detector
K.S. Yngvesson, F. Rodriguez-Morales, R. Zannoni, J. Nicholson, M. Fischetti and J. Appenzeller

Abstract— This paper reports measurements of microwave
(up to 4.5 GHz) detection in metallic single-walled carbon
nanotubes. The measured voltage responsivity was found to be
114 V/W at 77K and 9,000 V/W at 4.2K. We also demonstrated
heterodyne detection at 1 GHz. Above 1.3 GHz the detector
response falls off by 12 dB/ octave. The detection mechanism can
be explained based on standard microwave detector theory and
the nonlinearity of the DC IV-curve, the so-called "zero-bias
anomaly". We discuss the possible causes of this nonlinearity.
While the frequency response is limited by circuit parasitics in
this measurement, we discuss evidence that indicates that the
intrinsic effect is much faster and that applications of carbon
nanotubes as terahertz detectors are feasible.

Index Terms—terahertz detectors, single wall carbon
nanotubes, microwave detectors, contact resistance.

INTRODUCTION

The availability of Single Wall Carbon Nanotubes
(SWNTs) has stimulated considerable recent exploration
of different ideas for use of SWNTs in new electronic

devices [1]. SWNTs have different electronic band structures
depending on their chirality, and can be either metallic or
semiconducting [2]. Much of the research so far has been
concentrated on the semiconducting version of SWNTs (s-
SWNTs), in particular with the prospect of developing a high-
performance Carbon Nanotube Field Effect Transistor (CN-
FET) [3], [4]. Other applications that have been proposed are
to detectors for microwave or terahertz frequencies. Schottky
barriers exist at the contacts of semiconducting SWNTs [5],
[6], and were fabricated and analyzed for use as terahertz
detectors by Manohara et al. [7]. Experimental results were
recently published by Rosenblatt et al. [8] demonstrating
detection of microwaves up to 50 GHz, as well as by Pesetski
et al. [9] who measured heterodyne detection with flat
frequency-dependence up to 23 GHz. These references [7]-[9]
all used the s-SWNT-FET configuration. Metallic SWNTs (m-
SWNTs) also have considerable potential for detector
applications, and one of us (KSY) recently proposed a very
fast terahertz detector based on the hot electron bolometric

K.S. Yngvesson, F. Rodriguez-Morales, R. Zaruioni, J. Nicholson and M.
Fischetti are with the Department of Electrical and Computer Engineering,
University of Massachusetts, Amherst, MA 10003, USA. e-mail: yngvesson@
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J. Appenzeller is with IBM T.J. Watson Research Center, PO Box 2128,
Yorktown Heights, NY 10598, USA.

This work was supported by a grant for Nanoscale Exploratory Research
from the National Science Foundation (ECS-0508436).

(HEB) effect [10],[11]. In the present paper we report
experimental results for a device using an m-SWNT that
detects microwaves in the low GHz range, based on a
traditional IV-curve nonlinearity at 77 K, and that shows
much enhanced direct detection responsivity at 4 K. The
device .described here operates both as a direct (DC output)
detector and as a heterodyne detector (difference frequency
output up to at least 200 MHz). In this paper we will discuss
the experimental results and interpret these in terms of the
detection mechanisms involved. We also discuss the potential
of this type of detector for application at terahertz frequencies.

II. EXPERIMENTAL RESULTS

A. Experimental Procedures

SWNTs used in our study were grown using laser
ablation [12]. CNTs with diameters between 0.6 nm and 1.5
urn were spun from solution onto a p+ doped silicon substrate
covered with 100 nm of silicon oxide. Contact strips of width
350nm were made with 20 nm of Ti followed by 100 nm of
Au, and were connected to 80p.rn x 80pm contact pads. The
length of the tubes between contacts is known to be in the
range of 300nm to 500nm. The silicon chip was placed in a
small copper enclosure (with a metallic cover) to isolate it
from external radiation, see Figure 1. The contact pads were
connected by wire bonds to (1) a microstrip transmission line
that was in turn connected to a standard coaxial connector
installed in the side of the enclosure; and (2) the ground plane
of the enclosure. The silicon substrate was left electrically
insulated in order to minimize parasitic reactances. The
assembly was placed in a liquid helium vacuum dewar and
pumped to a good vacuum for at least one day in order to
remove most of the surface contaminations on the CNT. A
well shielded stainless steel coaxial cable makes the sample
accessible from the outside of the dewar. We used a
programmable DC power supply (Keithley) to provide a
voltage source bias to the device through the coaxial cable.
The DC supply also measured the DC voltage and current, and
these were read by a computer for further processing.
Microwave sources (Agilent) were also fed to the coaxial
cable, and different sources (DC and microwave) were
separated through the use of commercial bias tees.

B. I-V-Curves

It is well-known that Ti/Au contacts yield a contact
resistance that is usually quite high and strongly dependent on
the nanotube diameter [13]-[15]. The devices used in our
study had contact resistances that were in the range of a few
hundred kS2 to a few Mn. It is also known that the

1 35



ostrip

Grounding
7'

2.92-
conn or

Silicon chip
lectrically insulated

from ground)

Figure 1. The experimental fixture used in this work,

6

4

0,
13 2

-4

J 

1.0 415 0.0 0.5 1.0
Bias Voltage M

Figure 2. Measured IV-curve for a SWNT at 77 K (right scale); dI/dV
based on the IV-curve (left scale).
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conductance of such CNTs shows a "zero-bias anomaly" [16],
i.e. the differential conductance (dI/dV) plotted as a function
of bias voltage (V) shows a dip at low values of V with a
width of about +/- 400 mV [17]. This presents a nonlinearity
in the IV curve (Figure 2) that we exploited for microwave
detection. Similar IV curves were obtained for devices
fabricated at IBM and at UMass/Amherst, but the results
presented here are for devices fabricated at IBM.

The zero-bias anomaly "dip" is also evident from the
additional plot of dI/dV in Figure 2. This dip deepens as the
temperature is decreased (the curves shown in Figure 2 were
taken at 77K). At larger voltages the IV-curve shows a linear
dependence between current and bias with a slight decrease in
dI/dV for the highest voltage range. Except for the zero-bias
anomaly, the IV-curve can thus be assumed to be due to a
(roughly) constant contact resistance, that is almost
independent of the temperature. Evidence from other metallic
CNTs [18] indicates that the electrons have mean free paths
of about 11.1m; thus in our tubes they travel ballistically from
contact to contact. The zero-bias anomaly is usually ascribed
to the very strong electron-electron Coulomb interactions in
one-dimensional conductors that necessitates treating the
electrons as a collective, plasmon-like, medium known as a
"Luttinger (-LL") . Tunneling from the contacts into
the LL is suppressed at low temperatures, which explains why
the conductance approaches zero. It has been suggested that
the behavior of the conductance in the entire temperature
range from 4 K to 300 K can be better explained as being due
to a combination of effects, the LL effect, and that of
interfacial barriers at the contacts [15]. The LL effect is
expected to be important only in the lowest temperature range.
As made clear in the paper mentioned above [15], a complete
understanding of the contacts between the one-dimensional m-
SWNTs and a 3-D metal is not yet available.

As microwaves were applied to the SWNT at 77K, we
recorded a change in the device DC current (Al), and plotted
this versus DC bias voltage (Figure 3 (a)). This recording was
done by measuring the voltage across a series resistance with
a lock-in amplifier, while square wave modulating the
microwave source. The DC power supply was still configured
as a voltage source. The microwave reflection coefficient
(511) was also measured with an automatic network analyzer,
see Figure 4. This particular recording was obtained for a
CNT with resistance of a few MS2, but similar results were

obtained for in total three samples. A resonance is seen at
about 1.28

C. Microwave Measurements

GHz, which we interpret as being due to the combined effect
of the bond wires, the contact pads and the connecting strips,
situated on top of the oxide and the doped silicon chip. The
equivalent circuit shown in the inset of Figure 4 was used to
produce a good fit to the magnitude of 511, as shown in
Figure 4. For this fit we used the full 511 data, including the
real and imaginary parts (not shown explicitly). We also used
the model to predict the measured detected change in current
versus frequency, plotted in Figure 4 for two different
microwave power levels. The detected signal is essentially
independent of frequency below the resonance, indicating that
the effect of any parasitic reactance is negligible at
frequencies below about 900 MHz. Above the resonance
frequency, the response falls off by 12 dB per octave, in good
agreement with the model. The highest frequency at which
we detected the signal was 4.5 GHz, limited by the sensitivity
of our measurement system. Given that s-SWNTs detected
microwaves up to 23GHz and 50GHz, respectively [7]-[9] it is
reasonable to assume that the detection effect we report here
for m-SWNTs will extend to similarly high frequencies, once
parasitic effects have been minimized.

At 77 K, the detected DC current change (Al) depends
linearly on the microwave power (a "square law detector") up
to a power of about 0.02 mW; the detected current change
then decreases smoothly after passing a maximum at about 1
mW, see Figure 5. The linear current responsivity at low MW
powers was found to be S I = AI/P, = 455 liA/W, based on
the measured output power at the microwave source (Pmw).
The bias voltage dependence at 4K also follows that of
d2I/dV2 as shown in Figure 3(b). As the microwave power was
increased from that used in Figure 3(b), the detector response
increased in a series of discontinuous steps, that occurred at a
reproducible set of MW power levels. Further investigation of
the device behavior at 4K is required to clarify these
phenomena, and will be covered in a future paper.
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(a) (b)
Figure 3. Detected DC current change (AI; points connected with line
segments) due to microwave signal at 900 MHz, compared with d2I/dV2
(fiffldrawn), at (a) input power -20dBm, T=77K; (b) input power -30dBm,
T=4K.

100
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0:1
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Frequency IGI-14

Figure 4. Microwave frequency dependence of the detected DC current
change (at two power levels; left scale) and the magnitude of the reflection
coefficient Sll ( right scale; dB units), compared with the data predicted from
the circuit model. Inset: Circuit model.

Power [mW]

Figure 5. The DC current change (M) at negative peak of Figure 3(a), as
a function of microwave power. Temperature: 77K. Inset: expanded view of
the part of this figure corresponding to the lowest power range.

The current responsivity can be converted to a voltage
responsivity (Sv) by multiplying with the device resistance,
250 la yielding Sv = 114 V/W at 77K. At 4K the measured
voltage responsivity was 9,000 V/W at low MW power levels.
Higher resistance CNTs have lower values for S I, roughly in
inverse proportion to the resistance, and therefore have about
the same Sv. Using standard small-signal microwave detector
theory [20] we can calculate the current responsivity from the
following expression:

Al = (1/4)*(d2UdV2)*Vmw2
	(1)

Here, Vmw is the peak microwave voltage. The factor
d2I/dV2 was calculated from the measured IV-curve, and is
compared with AI in Figure 3 (a) and (b). The small

oscillations in the plot of d 2I/dV2 are an artifact of the
measurement method caused by the finite steps produced by
the voltage source. The linear dependence of Al on MW
power in the small-signal regime, as shown in the inset of
Figure 4, indicates that Eq. (1) applies. Further, the bias
voltage dependence of AT at 77K agrees well with that of
d2I/dV2 (Figure 3). For a microwave power of 10 p.W we use
Eq. (1) to estimate AI in the range 5nA to 20nA, depending on
the detailed assumptions made about the values of the
equivalent circuit elements in Figure 4. The measured value is
5nA, and this quantitative agreement within expected error
bars gives further strong support to the interpretation that the
detector operates as a standard microwave detector with a
response that can be predicted from its IV-curve. For higher
microwave powers, the small signal approximation becomes
invalid, and the response becomes nonlinear, as is clear from
Figure 5. We note that since the transport in the m-SWNT is
ballistic, the entire nonlinearity of the detector is due to the
contact resistance.

We next demonstrated heterodyne detection in the same
SWNT by connecting it to two microwave sources with
different microwave frequencies fi (designated as the "Local
oscillator, LO") and f2 ("RF or signal frequency"). while
measuring the output power (or voltage) at the difference
frequency (IF), ( I frf2 I ). The IF power seen on a spectrum
analyzer (inset in Figure 6) was essentially independent of the
IF frequency up to 200 MHz. Detecting a higher IF was not
possible due to the properties of the bias tees used. The
detected IF voltage response versus DC bias voltage at 77K
and 4K, respectively, is shown in Figure 6.

For the data plotted in Figure 6 we used a more sensitive
method of detecting the IF on a lock-in amplifier. The
reference voltage for the lock-in amplifier was created by
employing a separate commercial microwave mixer to mix fi
and f2, see e.g. Sa.zonova et al. [20]. Typical frequency
combinations used were f1 and f2 near 1 GHz, with an IF of 50
kHz. Again, parasitic circuit elements on the chip decreased
the mixer efficiency for f1 and f2 above 1 GHz. As for the
direct detection case, the response follows d2I/dV2 when the
bias voltage is varied. This indicates that the heterodyne
detection mechanism is attributable to the IV-curve using
standard mixer theory.

Figure 6. IF output voltage of the detector at 77K (black) and 4K (red) in the
heterodyne mode.

We estimate a total mixer conversion loss at 77K to a
50S2 IF amplifier of 95dB, much of which is due to the high
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mismatch loss (60 dB total) to a device with 250 ki-2
resistance. Lower resistance SWNTs [16],[18] would show
lower mismatch loss as mixers. Note, however, that the higher
resistance SWNTs show very good performance as direct
detectors.

III. DISCUSSION

We now want to further discuss some of the implications
of our experimental data We have shown that sensitive
detection of microwaves is possible in an m-SWNT. The
detector response follows standard microwave detector theory,
based on the zero bias anomaly (ZBA) nonlinearity in the IV
curve The origin of the ZBA has been much discussed, and
this discussion is still ongoing. Especially interesting is to
understand how the character of the electron transport changes
as the temperature and the bias voltage are changed. The
Luttinger liquid (LL) theory has been invoked to explain the
ZBA, with the main experimental evidence for this theory
being provided by the power-law dependence of the
conductance on eV/kT [19]. Further microwave detector
studies would be useful for exploring this problem. The fact
that the microwave detection response is well predicted by the
DC IV-curve indicates that whatever effect that causes the
ZBA, it operates at speeds up to at least 4.5 GHz. This
frequency limit is presently set only by the parasitics of the
circuit, not the SWNT. It would be of great interest to extend
the studies of coupling high frequency fields to SWNTs from
the gigahertz range to the terahertz range in order to explore
the intrinsic speed of the SWNT. Resonances in the LL are
predicted to occur at frequencies in the terahertz range for the
length of SWNTs studied here [23], but the losses under these
conditions are not well known. Another paper at this
conference [24] reports measurements up to 50 GHz of a
frequency-dependent loss in non-contacted SWNTs, so this
issue needs further exploration. The contact resistance is also
predicted to be shunted by the contact capacitance at these
high frequencies. We propose that terahertz detection may
occur based on three different potential mechanisms:

1) Electrons tunnel into the LL plasmon medium (Zo — 10
[23]) which is heated and changes its resistance creating

an HEB type effect. This mechanism requires operation in the
lower temperature range (up to 10-20 K). The nonlinearity
would now be located in the SWNT itself, not in the contacts
as in the experiments described above. Tuning the frequency
should provide a means of directly probing the LL medium,
which has so far been mainly studied by more indirect
methods.

2) Tunneling is fast enough that the electron current
follows the THz frequency voltage similar to what happens in
the 1 GHz device we have demonstrated; detection would then
occur due to the nonlinear contact resistance. The maximum
frequency for operation in this mode would be determined by
the RC time-constant. The relevant capacitance values are
very low, so operation up to THz frequencies should be
feasible for SWNTs in the lower resistance range (e.g. parallel
CNTs; see the discussion of the parallel case of Schottky
diodes [7]).

3) Lower resistance SWNTs show nonlinear IV-curves at
higher voltages (above 0.2 V) due to the onset of optical
phonon emission [14[18] These should allow operation in
the HEB mode, as proposed earlier [10],[11]

In conclusion, it appears very promising to extend the
present study toward exploration of potential terahertz
detectors based on m-SWNTs. Both direct and heterodyne
detectors may be considered. The impedance matching may be
easier at terahertz frequencies where the contact resistance is
partly shunted by the contact capacitance.
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RF-to-Millimeter-wave Conductivity Spectra of Single-Walled
Carbon Nanotubes

Mark Lee, C. Highstrete, E. A. Shaner, F. E. Jones, A. A. Talin, D. B. Robinson, and
P. M. Dentinger

Sandia National Laboratories, Albuquerque, New Mexico, and Livermore, CA, USA

There have been several theoretical proposals that single-walled carbon
nanotubes (SWCNTs) may have very unique and highly desirable electrodynamic
properties for microwave-thru-terahertz applications . 1 '2 These properties arise from
the combination of very high purity achievable and quasi-one-dimensional nature of
the electronic conduction in SWCNTs, as evidenced by reports of quantized DC
conductance in short (few jsm length) SWCNTs. 3 If electrical conductance in
SWCNTs is quantum ballistic in nature, then the AC response can conceivably have
ultra low intrinsic loss and be able to follow frequencies far higher than conventional
metals and semiconductors. It has been proposed that such ballistic conduction can
be used to make SWCNTs a very wide bandwidth submillimeter-wave mixer. 4 Some
recent experimental reports on the RF and microwave properties of SWCNTs report
either a frequency-independent loss or a loss that falls below measurement
uncertainties. 5 '6 '7 However, most of these measurements suffer from poor signal-to-
noise arising from large systematic uncertainties and/or large instrumental loss.

We report on a detailed investigation of the AC response of small arrays of
SVVCNTs from 0.01 to 50 GHz using a coplanar waveguide (CPW) platform
compatible with both broadband S-parameter measurements and directed assembly of
SWCNTs. Utilizing AC dielectrophoresis and lithographic masking techniques, small
numbers of SWCNTs, prepared with and without surfactants, were assembled in
regular, localized arrays across the gaps between CPW signal and ground electrodes.
This aligns the SWCNTs with the propagating electric field polarization and so
maximizes coupling of the SWCNTs to the electromagnetic field. The complex
conductivity of the SWCNT array is deduced from vector network analyzer
measurements of the change in S-parameters, AS, of a CPW before and after SWCNT
assembly. Using careful calibration, the ratios of AS H and AS21 to random errors are
of order 20 dB and the ratios of AS H and AS21 to systematic errors is at least 10 dB.

At room temperature, we have found direct evidence that 1 to 3 gm long
SWCNTs have clear, frequency-dependent loss that scales roughly as 1112,

qualitatively similar to skin-depth loss. The SWCNTs also have a non-trivial
frequency-dependent reactance. A detailed analysis of this data will be presented.

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed
Martin Company, for the United States Department of Energy's National Nuclear
Security Administration under contract DE-AC04-94AL85000.
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TERAHERTZ NON LINEAR METAMATERIALS

M.F. Foulon i , D. Yarekha l ,T. Crepin and D. Lippens1

l Institut d'Electronique, de Microelectronique et de Nanotechnologie( IEMN)
Universitd des Sciences et Technologies de Lille
Avenue Poincare, BP 69. 69652 Villeneuve d'Ascq Cedex. France
Michelloulon s IEMN.univ-lillel.fr

Metamaterial Tehnology is now attracted an increasing interest with the prospect to achieve new
functionalities afforded by the synthesis of an effective negative refractive index . So far however the
main effort has been paid to the study of linear electromagnetic properties while a number of novel
effects can be foreseen if non linear discrete devices are integrated in such left handed media. Basically
a double approach can be used for the synthesis of negative refractive Index materials (NRIM) either by
using particles as the so-called split ring resonator [1] or the phase advance scheme which is obtained by
periodically loaded a transmission by series capacitance and self inductance. For the latter, a first paper
on numerical modelling and expected effects was published in the literature. Recently, the first
experimental demonstration of wave propagation phenomena in non linear left handed media was
reported also using a one dimensional system. The originality of this communication stems mainly for
the use of a transmission lines periodically loaded by an Heterostructure Barrier Varactor [3]. This kind
of device show symmetric C-V characteristics. Main emphasis was also focused on harmonic
multiplication whereas also parametric effects are expected in such systems.
When a transmission line is periodically
loaded by a varactor in shunt (see fig.
1(a) where the devices interconnects here
the two strips of a Co-Planar Strip line)
the line becomes frequency selective
with a low-pass filter type [4]. The
propagation is forward up to a corner
frequency called the Bragg frequency[2].
By integrating now the devices in series
namely to the place where fixed parallel
plate capacitance are apparent in the
layout, the propagation becomes
backward with a high-pass filter
frequency behaviour. Therefore
depending on the balance between
parallel and series element a composite
electromagnetic behaviour can be
achieved [3]. At the present stage, we are
modelling the non-linear behaviour either

in the time domain or the frequency one Fig. 1 (a) Left handed transmission lines in a CPS
by means of the commercial code ADS technology
by Agilent. Enhancement in the up-
conversion efficiency over a broad band
can be pointed out in the left handed
propagation regime. Further advantage
can also be foreseen with the use of
MIRM"s from the frequency filtering
effect and from the radiation guided
regimes [4].

[1] T. Crepin, J. F. lampin, T. Decoopman, X. Melique, L. Desplanques and D. lippens, App!. Phys. Left. 87, 104105 (2005)
[2]J. M. Duchamp , P. Ferrari, M. Fernandez ;, A Jrad; X. Melqiue, J. Tao S. Arscott , D. Lippens and R. G Harrison , IEEE Trans
MicrowaveTheory and Technique, 51, 1105 (2003)
[3] C. Caloz I. H. Lin and T. Itoh, Microwave Opt. Technol. Lett.,.40, 471 (2004)
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Niobium SupraMEMS for Reconfigurable Millimeter Wave Filters
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4
 , W. Bedyk4,

G. Schrag4, and K. F. Schuster
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2 Radio Astronomy Lab, University of California, 601 Campbell Hall, Berkeley, CA,
USA
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38016 Grenoble, FRANCE

4 Institute for Physics of Electrotechnology, Munich University of Technology,
ArcisstraBe 21, 80290 Munich, GERMANY

Reconfigurable passive superconducting devices for the mm-wave regime offer a
wide range of novel applications in scientific and industrial remote sensing. We
developed a surface mounted Niobium MEMS technology that can be integrated with
a wide range of cryogenic semiconductor and superconducting circuits. A first
generation of circuits using our Niobium SupraMEMS has been optimized for radio
astronomical applications. In this paper we present the micro-mechanical and
electrical characterization of the devices. Extended mechanical modeling results in an
improved understanding of the specific behavior of metallic cryogenic MEMS
devices. The influence of the fabrication procedure on the mechanical properties of
the devices and the resulting limitations are discussed. A particular design for
improved tuning range has been investigated.
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phase difference to two identical mixer junctions. The mixer
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A 211-275 GHz Sideband Separating SIS Mixer
for APEX

V. Vassilev, R. Monje, A. Pavolotsky, D. Dochev, D. Henke and V. Belitsky, Member, IEEE

Abstract- We present the results of the development and
characterization of the sideband separating (2SEt) SIS mixer
for the APEX band 1, 211-275 GHz.

All mixer components, except the 1F hybrid, are integrated
into a single mixer block. The sideband separation is achieved
by using a quadrature scheme where a local oscillator (LO)
pumps two identical SIS mixers. The RF power is divided
using a waveguide branch line coupler and directed with 90"
phase difference to the ends of the substrate, where each path
is coupled to the mixer chip through a waveguide to microstrip
transition.

Preliminary tests of this 2SB mixer show a sideband
suppression ratio of about 12 dB and a typical SSB noise
temperature of 80K.

Index Terins-SIS mixer, sideband separating mixers,
quadrature hybrid

I. INTRODUCTION

IA- PEX, the Atacama Pathfinder Experiment [1], is a
collaboration between the Max Planck Institute for

Radio astronomy, Onsala Space Observatory, and the
European Southern Observatory. APEX is a 12 m single
dish telescope with a surface accuracy of 17 urn (rms)
allowing observations in the sub-mm region.

The Onsala Space Observatory is committed to providing
single pixel heterodyne receivers covering the following
bands:

Band RE range, GHz Mixer type

APEX 1 211-275 sideband separating
APEX 2 275-370 sideband separating
APEX 3 375-500 sideband separating
APEX T2 1250-1390 balanced

This paper concentrates on the development of the band 1
sideband separating (25B) mixer. The motivation for using
2SB mixers for radio astronomical applications at mm-
wavelengths is that the noise performance of a double-side
band (DSB) heterodyne receiver is often limited by the
atmospheric noise fed into the system via the image band.
Thus, to increase the system sensitivity, 2SB or single
sideband (SSB) operation is preferred.

Sideband separation is achieved by using a quadrature
scheme where the RF power is divided and applied with 900

Manuscript received Mai 31, 2006.
Authors are with the Group for Advanced Receiver Development,

Onsala Space Observatory, Chalmers University of Technology (e-mail:
vevas tvoso.chalmers.se).

Figure 1 Block diagram of the sideband separating mixer. To illustrate the
sideband cancellation, the relative phases of the sideband signals are shown
at different points of the mixer. USB and LSB stand for Upper and Lower
Side Band respectively.

Sideband separation, using the quadrature scheme
illustrated above, does not use any tunable RF filter
components and has been demonstrated at mm-wavelengths
[2]-[6]. The degree of sideband suppression is directly
related to the magnitude and phase balance of the RF and
LO power applied to the mixers and the symmetry of the
circuitry.

II. MIXER DESIGN

A. Mixer Configuration

The mixer block layout is shown in Figure 2 where the
corrugated horn is followed by a RF quadrature hybrid. The
divided RF power is coupled to the mixer substrate by two
RF radial probes at the ends of the chip.

Figure 2 The bottom part of the mixer block accommodates the mixer chip,
two bias-Ts and an absorber to terminate the idle port of the RF waveguide
hybrid.

The LO power is applied to the middle of the substrate

145



4-8 GHz HEMT
Amplifiers

CH 2

1/2RF/0,

17th International Symposium on Space Terahertz Technology TH2-I

and is divided by double probes which extend into the LO
waveguide.

Individual magnetic fields are applied to the SIS junctions
using two external coils. Magnetic concentrators bring the
magnetic field in close vicinity to the junctions, thus a very
little current (about 1 mA per coil) is needed to suppress the
super current.

A closer look at the. mixer chip is shown in Figure 3. The
RF is coupled from a full-height waveguide to a microstrip
line by a pair of radial probes. A high impedance line is
attached to the radial end of the probe. This line together
with a RF choke provides RF/DC isolation and is used to
inject DC for mixer biasing and to extract the IF [7].

Figure 3 The 2SB mixer chip coupled to the RF/LO waveguides. The two
central RF chokes provide ground for the SIS and their tuning circuitry
while the chokes at the ends of the substrate provide RF/IF isolation. The
relatively large area of the last choke section facilitates bonding to the Bias-
T.

A second pair of radial probes divides the LO power and
provides the transition from waveguide to microstrip line
[8]. The two central RF chokes provide a ground for the SIS
and its tuning circuitry.

The IF is extracted through the RF probe, a high
impedance line, and a second choke. The high impedance
line and the choke prevent RF leakage to the IF port, while
at IF they represent a small inductance.

B. Tuning Circuitry

The mixer tuning circuitry, illustrated in Figure 4, uses a A14
transformer section to match the RF probe to the SIS
junction. The same transformer section is used as a part of a
directional coupler providing -17 dB LO coupling to RF. To
provide the required coupling ratio and to avoid small gap
between the lines of the coupler, two perforations in the
ground plane are introduced. In order to terminate the idle
port of the LO coupler, we use an elliptical planar
termination [9], [10], which is made of a resistive normal-
metal film. The termination is designed such that it occupies
a minimum area on the substrate and provides return loss
S 1 1<-10 dB over the whole LO band. The required sheet
resistance of the film forming the dot is obtained by
sputtering Ti in N2 atmosphere, resulting in a Ti/N 2 mixture
with the desired resistivity.

LO Tel-mitt:4U"

(clot let-mitt:awn)

Figure 4 The mixer tuning circuitry uses a directional coupler to couple LO
to RF. To provide the required coupling ratio of -17 dB and to keep the RF
and LO lines well separated, two perforations in the ground plane are
introduced. The RF line of the coupler is also used to match the real part of
the SIS RF impedance to the signal source (the RF probe).

C. Nb Superconducting IF hybrid

To achieve as compact as possible 2SB mixer assembly, and
to minimize losses, we use a superconducting IF hybrid.
The hybrid is a traditional Lange coupler made of Nb thin
film lines on a 300um quartz substrate using the same
process as for the mixer fabrication. To simplify the
circuitry we use an additional Si0 2 layer as an insulator and
a second layer of Nb film to connect bridges instead of bond
wires. The covered bandwidth exceeds the 4-8 GHz band.

Nb- Bridge

Figure 5 A picture of the superconducting IF hybrid. To achieve as compact
desi gn as possible, the width of the hybrid matches the width of the mixer
block and thus can be connected without usin g only SMA adapters.

MIXER MEASUREMENTS

A. Measurements in DSB mode

To evaluate the symmetry of the branches of the 2SB mixer
and to calculate the gain and the noise of each mixer, initial
tests were performed in a DSB configuration as shown
below.

Figure 6 A DSB mixer configuration for the initial tests.
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The DSB measurements were performed at different LO sideband rejection is the difference between the peak values
frequencies and for different LO powers. These at IF for both sidebands (the system IF gain is nearly the
measurements were used to choose optimum LO pumping  same for both channels). This measurement is illustrated in
power and pairs of bias points where both mixers have Figure 9.

266_2SB,similar gains and minimum noise for each LO frequency. 266 2SB

LO Frimpumney 215

c.11 colit oLs. .tro

2 2.1 2 23 24 25 21 17 2/1
Bias Voltage, mV

Figure 9 Illustration of the sideband rejection ratio measurement for LO
frequency 266 GHz. Two pilot signals are generated (one in the LSB, one
in the USB), the rejection ratios are calculated by taking the difference in
the peak value at LSB/USB IF outputs of the mixer.

The measured rejection ratios and SSB noise
temperatures are shown in Figure 10.

Figure 7 An example of mixer measurements in DSB mode. SIS mixer
gains can be extracted by measurements of the linear region of the
unpumped IVC's, thus the IF gains can be subtracted from the total gain.

Since the RF hybrid is present in the DSB tests, the
measured DSB noise closely predicts the SSB noise when
the IF hybrid is connected and the mixer is operated in
sideband separating mode.

B. Sideband separating measurements

When operated in 2SB mode the IF hybrid is connected to
the mixer as shown in the figure below.

Figure 8 A picture of the setup used in the mixer measurement in 2SB
mode. The mixer IF outputs are connected to isolators followed by the IF
quadrature hybrid and amplifiers. The IF band is 4-8 Gllz.

The sideband rejection is measured by injecting a pilot
signal generated by a harmonic mixer pumped with
frequency around 12 GHz. The frequency of the pilot signal
is changed a few times at RF for each of the sidebands, the
IF spectrum is taken each time at both IF outputs of the
mixer. This results in couple of values for the LSB/USB and
USB/LSB rejection ratios per single LO frequency. The

Sideband Rejection

Figure 10 The measured sideband rejection ratios.

For each LO frequency the Y-factor is measured with a
spectrum analyzer at both sidebands. The measured noise
temperature is shown in Figure 11.

RF Frequency (GHz)

Figure 11 The measured receiver noise temperature. This noise is
uncorrected for the image band contribution, if it is assumed that typical
rejection ratio is 12 dB, the SSB noise temperature would be 6% higher
than the temperature shown in the plot.
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IV. CONCLUSION

We present the design and initial results of a 2SB mixer
for Band 1 of the APEX telescope. The results presented
here are preliminary and further mixer characterization is
required to verify the limit of the mixer performance. The
mixer setup is still not optimized e.g. the phase difference
between the isolators was recently measured to be 200
limiting the obtainable rejection ratios. Different
configurations will be also tested, e.g. rearranging the order
of the IF components.
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The APEX 345Gfiz/460GETz 7-pixel heterodyne
array

S. Heytninck R. Glisten, C. Kasetnann, J. Stutzki, K. Jacobs, C.E. Honingh and U.U. Graf

limited space available and also because parts of the existing
Abstract—Since August 2005 the Atacama Pathfinder EXperi-

ment (APEX), a novel 12m submillimeter telescope is in science
operation. As a powerful mapping tool for the 345 GHz and the
460 GHz atmospheric windows we launched the development of a
dual-color 7-pixel heterodyne array receiver. The beam pattern is
planed to be hexagonal while both colors will be observed
simultaneously in orthogonal polarizations. We present the opto-
mechanical layout including numerical optics simulations.

Index heterodyne arrays, submillimeter wave receivers,
submillimeter wave spectroscopy

I. INTRODUCTION

PEX [1] offers outstanding observing conditions (see
1-1-also Fig. 1) in the submillimeter wavelength regime
(from lmm to 200 rim). Currently, as first-generation
instruments, a single-pixel 345 GHz facility receiver ,[2] and
FLASH [3], a dual-channel 460 GHz/810 GHz MP1fR PI-
instrument, are available for heterodyne observations.

To make best use of the telescope time for spectroscopic
mapping projects heterodyne arrays are widely used (e.g.,
SMART [4], HERA [5] or CHAMP [6]). With the new
CHAMPtarray [7] a powerful heterodyne-mapper for the
660 GHz and the 810 GHz atmospheric windows will go into
commissioning at APEX in August 2006, but still a compa-
rable array for the 345 and the 460 GHz atmospheric windows
is missing. In collaboration with the Universitat zu KOln,
providing the SIS-mixer units for both frequency bands we
launched the development for such a "low-frequency" array in
February this year. This paper briefly describes the design and
the receiver layout including first simulations of the optical
layout.

II. THE RECEIVER

The new array will be located in the Nasmyth B-cabin (right
cabin) of the telescope where also the CHAMP + array is
mounted. This implies strong design boundaries due to the

S. Heyminck, R. Glisten and C. Kasernann are with the Max-Planck-
Institut fir Radioastronomie. Auf dem Hugel 69, 53121 Bonn / Germany
(correspond to heymincl&I-napifr-bonn.mw.de , phone: +4940)228-525-176) .

J. Stutzki, K. Jacobs, C.E. Honingh and U.U. Graf are with the
I. Physikalisches Institut der Universitit an KOln, Ziilpicher StraBe 77, 50937
KOln / Germany.

APEX is a collaboration between the Max-Planck-Institut fiir
Radioastronomie, the European Southern Observatory, and the Onsala Space
Observatory

r,
Fig. I . The zenith transmission of the atmosphere above the APEX site
for 1 mm, 0.5 mm and 0.2 mm precipitable water vapor (pwv) is shown.
The baseline tuning ranges for both colors are also given in the plot.

CHAMP+ optics haves to be shared.
The performance goal for each channel of an array receiver

always should be to be as good as a single pixel receiver. This
is primarily an optics concern since all other parts follow more
or less the same design as for a single pixel receiver.

To improve sensitivities single-sideband (SSB) filters are
foreseen for both sub arrays To avoid losses due to a coupling
foil a Martin-Puplett interferometer as diplexer is chosen.

For the beam spacing we decided for 2 FWHM for both
sub-arrays (see Fig. 2), which is a good compromise between
the losses at the individual beam apertures, when separated
before the mixer horn-antennas, and the filling factor of the
field-of-view). A K-mirror design with a resulting image
rotation-angle of more than 360' acts as image de-rotator for
the array.

The high machining accuracy of modern CNC-milling
machines allows designing the filter-unit including the SSB-

OTF- can-direction: 9.1*

dark: 345Gliz — Sub-array

A - light: 460GHz — Sub-array

Fig. 2. Footprint of the array planed. Due to the closest spacing for both
sub-arrays only the center pixels match in position. An on-the-fly scan-
direction of 19.1' will lead to a (projected) beam spacing of 0.5 FWHM.
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A. Signal path

For frequency independent re-imaging of the telescope
signal we use two Gaussian telescope setups [8]. The first of
the two re-images the telescope signal trough the narrow
elevation bearing of the telescope (this setup is also used by
the CHAMP+-array and therefore a given design-constrain).
The second one gains additional optical path-length to
implement the image de-rotator, the SSB-filter and the
diplexer. in addition, it collimates the signals and therefore
decreases the size of the cryostat-window down to .',100 mm.

The optics layout is explained in Fig. 3: seen
from the telescope, the signal is re-directed
towards the Nasmyth B-cabin by the first mirror
of the first Gaussian telescope (not shown in the
figure). This mirror is mounted on a movable
arm inside the Cassegrain cabin, selecting
between the two Nasmyth ports. The second
mirror of the Gaussian telescope, a concave
hyperbolic mirror is located inside the Nasmyth-
B cabin and reflects the signal towards a flat
mirror that selects between the two arrays in the
cabin.

For the new array the signal is reflected
upwards to the first mirror of the second
Gaussian telescope, which is mounted directly
under the cabin ceiling. The image de-rotator
follows before the signal enters the filter-unit.
Here it first passes the calibration unit, is then
split by a cross-wire grid into two orthogonal
polarizations. Beneath this grid the cryostat-
window for the SSB-filter image side-band
termination is located. The image side-band is
terminated on an absorber-cone attached to the
4 K-stage.

Calibration will be performed with an internal
calibration setup. For a cold load measurement
the cross-wire grid is replaced by a flat mirror
reflecting the image and the signal-band of one

345 SSB-filter of the two sub-arrays into the cryostat onto the
image side-band absorber. To calibrate both sub-
arrays a second measurement reflecting this one
onto the cold absorber must be taken. For
measuring a hot-load an ambient temperature
absorber will be placed into the beam-path.

After separating both colors the SSB-filters
follow. The second mirror of the Gaussian-
telescope is placed between the SSB-filter and
the diplexer.

Now the signal enters the cryostat where all
individual signals are re-imaged to match the
mixer beam to the telescope.

Several numerical simulations of the optics
have been done to predict the behavior
especially of the off-center pixels. We inserted a
Gaussian fundamental mode with the width
expected by the horn antenna of the given

filters, the diplexers, and the calibration unit as one monolithic
block (without the need of adjustment possibilities).

OPTICS

For a dual-frequency receiver one of the prime optical
requirements beside optimum performance, is to match both
frequencies simultaneously to the telescope. Also the LO
power must be supplied efficiently to the individual mixer. In
the following the optics setup developed so far is explained.
The overall layout is fixed, but optimizations are still ongoing.

beam-entrance with
cross-wire grid

calibration-unit

345 GHz LO460 GHz LO

460 SSB-filter

460 GHz be 345 GHz beam

polarizer grid

diplexer

active mirror

p larizer grid

diplexer

active mirror

460GHz CFG 345GHz CFG
0-730 mm

Fig. 3. Schematics of the array-receiver as planed so far. The upper figure shows the
optics layout within the APEX Nasmyth-B cabin. The figure below visualizes the optics
of the filter-unit.
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frequency and then calculated the overlap-integral with the
nominal Gaussian fundamental mode at the telescope focal
plane. As a brief summary, for all calculations performed so
far, the Gaussicity at the telescope focal plane is above 96%
for all pixels under all conditions. As an example the resulting
field distribution (phase and amplitude) of the center -pixel of
the 345GHz sub array and the less efficiently coupling off
axis pixel for 90° elevation and no image rotation are
displayed in Fig. 4. The simulations show no strong elevation
dependency of the optics setup (change in Gaussicity is in the
order of 0.6%, see also Fig. 6).

B. LO-path

The LO signal required for the heterodyne mixing process
is provided by two commercial LO-chains. Collimating
Fourier gratings (CFGs)[9][101 provide the signal splitting
into the seven beams required. A CFG is a combination of a
diffraction grating designed to match the required beam-

offset [mm}
Fig. 4. Results of the optics simulations: the figures (upper figure for
the center pixel at 345 GHz; lower figure for the less performing off-
axis pixel of the same frequency) show the phase-distribution in
grayscale, with black contours in steps of 15°. The white contours
display the field-amplitude in steps of 10% of the maximum
amplitude. The overlap-integral gives 99.8% Gaussicity for the center
and 96.8% for the off-axis pixel.

pattern and a parabolic mirror to collimate the resulting
diffraction orders. The CFG allows to match the LO directly to
the signal path without additional optics. Fig. 5 shows the
grating structure and the resulting diffraction pattern as a
simulation. The usable bandwidth of the grating is about 15%
(+7.5%).

Iv. MIXERS

The Universitdt zu Köln develops the overall mixer design
(junction, tuning structures and mixer block) and also
fabricates the devices. The mixers will follow the standard
DSB fixed backshort waveguide design of the KOSMA-group,
like for example used for HIFI Band 2, scaled back to
345 GHz and 460 GHz. Integrated are also internal tuning
structures and superconductive magnets to suppress the AC-
Josephson effect. In Fig. 7 the CAD-model of such a standard
mixer-block is shown.

The 1F-band is specified to be 4-8 GHz while the goal for

20

0

—20

—20 0 20
x—offset [mm]

Fig. 5. Phase sensitive structure (left hand side) of the CFG for the LO-
splitting. The contour-levels are in steps of 18°-phaseshift. The structure
is stretched to have a side-ratio of -N13 to achieve a round diffraction
pattern. Below the simulated diffraction pattern is shown. White crosses
mark the nominal positions of the individual mixers. The contour-levels
are in steps of 10% of the maximum intensity. Approx.11% of the
incident power is redirected into each of the 7 diffraction orders.
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	 resolution mode with a bandwidth of 2x 500 MHz and spectral

resolution of 256 kHz is also available.

Fig. 6. Numerical simulation of the elevation dependency of one of
the off-center beams at 345 GHz.

the mixer DSB noise-temperature (measured after the horn
antenna) is —40 K for the 345 GHz band and —60 K for the
460 GHz band.

V. ELECTRONICS

The electronics can be split into two major parts: the mixer-
electronics (bias, magnet current and heater) and the IF
processing

For the bias-electronics we plan for a modular system. Each
module contains the electronics for a single mixer and is
controlled via computer. Stacking of several modules will
easily be possible. All mixers can be set or read out nearly in
parallel which makes effective auto-tuning of all mixers
within the array possible for the future.

The IF-electronics can be split into two parts: First the
HEMT amplifiers (developed in-house at MPIfR) sitting on
the 4 K-stage followed by additional amplifiers directly after
the vacuum feed through, and second the IF-processor with
internal total power detectors and adjustable attenuators
matching the signal to the backends. The IF-processor as well
as the 32-channel MACS autoconelator system as backend is
part of the CHAMP + array, which has the capability to switch
between two array receivers. The usable bandwidth is up to
2 GHz per pixel (using two 1 GHz conelator bands for each of
the pixels) with a spectral resolution of 1 MHz. A high-

TABLE 1

TECHNICAL DATA OF BOTH SUB-ARRAYS.

Sub-array v = 345 GHz v = 460 GHz

Tuning range (baseline) <325 – 370 GHz 440 – 500 GHz
IF-bandwidth 4 — 8 GHz 4 — 8 GHz
Half power beam width 17.3" 13.3"
Autocon-elator Backend

normal resolution mode
bandwidth 2 . 1 GHz 2 x 1 GHz

2 .870 km/s 2 .650krnis
channel spacing 1 MHz 1 MHz

0.87 km/s 0.65Iun/s
high resolution mode

bandwidth 2 .500 MHz 2 .500 MHz
2 .435 km/s 2 .325km/s

channel spacing 256 kHz 2.56 kHz
0.22 km/s 0.16km/s
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Fig. 7. CAD-drawing of the cologne standard waveguide mixer block.
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Focal Plane Heterodyne SIS Receiver Array with Photonic LO
Injection
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Rutherford Appleton Laboratory
Chilton, Didcot, OX11 OQX, UK
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Abstract

We present the design and first results from a 130 GHz -170 GHz SIS receiver array
driven by a photonic local oscillator. This development has been jointly carried out by
the Institut de Radio Astronomie Millimètrique (IRAM) and the Rutherford Appleton
Laboratory. The work is partially funded by the EU - AMSTAR/Radionet programme.
The project goal is to build a four-pixel focal plane array demonstrator, composed of
double sideband SIS mixers pumped by a photomixer integrated into the receiver
cryostat, and to test the array on IRAM's Pico Veleta Telescope in Granada, Spain.

The photomixer and the SIS mixer designed were first characterised separately. The
output power available from the p-i-n photodiode based photomixer at room
temperature is greater than 1011W in the 125 GHz — 175 GHz frequency range. This
was achieved for around 10 mW of optical input power, X,;,-f, 1550 urn, and a
corresponding photocurrent of 4 mA. Little change in output power is observed when
the optical fibre coupled photomixer is cooled to below 30 K. The average double
sideband noise temperature of the SIS mixer — when measured using a conventional
local oscillator (LO) source comprising a Gunn diode oscillator followed by a
frequency doubler - was found to be 40 K over the frequency range 130 GHz to
170 GHz. Tests performed on the same SIS receiver pumped by a room temperature
photomixer LO have shown a) that the output power delivered by the photonic LO is
more than sufficient to pump the SIS mixer over the same frequency range and b) that
the measured noise temperature is virtually identical to that obtained with the doubled
Gunn LO.

The four-pixel linear array and associated receiver optics design are presented. This
array configuration was chosen to be simple, compact, and to allow straightforward
extension into a two-dimensional 16-pixel array. The receiver array optics have been
designed to meet general requirements for sensitivity, compactness for cold optics
integration, and minimisation of thermal loading on the cold stages of the cryostat.

The performance of this type of receiver, measured in terms of bandwidth coverage,
noise temperature, LO integration, compactness, elimination of spurious harmonics
and thermal budget, represents a clear demonstration of the excellent potential offered
by the photonic LO approach with regard to the construction of future large format
focal plane array receivers.
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Performance of the Band 3 (84-116 GHz)
receiver for ALMA

S. Claude, F. Jiang, P.Niranjanan, P. Dindo, D. Erickson, K. Yeung, D. Derdall, D. Duncan, D. Garcia,
D. Henke, B. Leckie, M. Pfleger, G. Rodrigues, K. Szeto, P. Welle, I. Wood and K. Caputa, A.

Lichtenberger and S-K. Pan

Abstract— Band 3 covering 84 to 116 Cilz is one of the ten
bands that will form the Front End Receiver for the Atacama
Large Millimetre Array. A Band 3 receiver prototype and one
unit have been assembled and tested at the Herzberg Institute
of Astrophysics. This paper will give an overview of the Band
3 design and also present the performance of the first
deliverable unit. The single sideband (SSB) system noise
exceeds the specifications (TSSB< 37 K) over the full RF band
with a minimum TSSB of 26 K and a maximum of 34 K In
addition to details of the system noise performance other
characteristics such as image rejection and cross-polarization
are also presented.

I. INTRODUCTION

T
HE Atacama Large Millimetre Array (ALMA), that will
be built in the Atacama desert in Chile at 5000 m

altitude, consists of an array of 50, 12 m antennas operating
in the millimetre and sub-millimetre range. An additional
16 antennae array will form the Atacama Compact Array.
The Band 3 receivers, covering the frequency range 84-116
GHz, will operate in spectroscopic and continuum modes on
both arrays.

II. RECEIVER DESIGN

The receiver consists of a cartridge (Fig. 1) that can be
inserted in the main ALMA front-end cryostat. The signal
collected by the telescope is focussed to the Band 3
cartridge using a set of warm mirrors (one flat and one
ellipsoidal) that are fixed to the top surface of the front-end
cryostat [1]. Note that the data presented in this paper were
taken without the warm mirrors. After the vacuum window
(consisting of a moulded high-density polyethylene disk
with anti-reflection grooves on both sides), IR filtering is
done at 80 K will be a PFA moulded disk and at 15 K with a
Mupore membrane [1].

On the 4 K stage the input signal is collected by a
corrugated aluminium feedhorn and its PTFE plano-convex
lens [1]. The two orthogonal polarizations (0 and 1) are

S. Claude, F. Jiang, P.Niranjanan, P. Dindo, D. Erickson, K. Yeung, D.
Derdall, D. Duncan, D. Garcia, D. Henke, B. Leckie, M. Pfleger, G.
Rodrigues, K. Szeto, P. Welle, I. Wood and K. Caputa are with the
Herzberg Institute of Astrophysics of the National Research Council,
Victoria, BC, Canada (phone: (250) 363-0030; fax: (250) 363-0045; e-mail:
stephane.clauder@nrc.ca).

A. Lichtenberger is with the University of Virginia, Charlottesville,
USA

S-K. Pan is with the National Radio Astronomy Observatory,
Charlottesville, USA

split using an Orthomode Transducer (OMT) [2]. From that
point, the two polarization channels are identical in design
and therefore only one of the two will be described.

The RF signal (84-116 GHz) is down converted to 4-8
GHz using a side-band separating (2SB) mixer unit which is
described in detail in [3]. The outputs of the 2SB unit are
the upper sideband (USB) and the lower sideband (LSB)
centred at 6 GHz. The signals are then amplified with
cryogenic low noise amplifiers [4] fixed to the 4K stage.
Since these amplifiers are optimized for low noise,
bandwidth, and gain (rather than the input RF impedance
match) the use of 4-8 GHz isolators (from Pamtech)
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prevents signal reflections between the mixer unit and the
amplifier.

The IF signals are then brought out to the cartridge
vacuum flange using UT85 BeCu-SS coaxial cables. In
order to satisfy the ALMA IF power level requirements,
30 dB room temperature IF amplifiers (one per IF channel)
are added at the output of the cartridge.

To facilitate troubleshooting during operation,
temperature sensors are placed at each stage of the cartridge
and on each mixer assembly. Bias voltages for the mixers
and the amplifiers are fed through two MDM-51 connectors
on the vacuum flange. Inside the vacuum and room
temperature, a mixer and LNA bias protection circuit card,
consisting of clamp diodes, is connected to the MDM-51
feedthrough. The card also generates an electronic serial
number for the cartridge and polarisation number. A
standard twisted pair wiring harness (36 AWG phosphor-
bronze, 450mm long), with MDM-25 connectors on each
end, feeds the bias from the 300 K to the 4 K plate. Each
amplifier has an integrated bias circuit for the SIS mixers.

The local oscillator (LO), of which a full description can
be found in [5], is generated by a YIG oscillator (15-18
GHz). The LO signal is amplified and frequency multiplied
by 6 before it is fed through the WR-10 vacuum
feedthrough. A Mylar membrane is used to provide the
vacuum seal for all feedthrough waveguides. The LO is
brought to the mixer unit using an SS WR-10 waveguide
(one per polarization) with bends to allow for thermal
contractions between the different cryogenic stages. To
attenuate the LO thermal noise, a 10 dB absorber is inserted
at the 4 K end of the waveguide.

III. RECEIVER PERFORMANCE

A. Receiver noise temperature

The Band 3 receiver is tested at HIA using a three stage
cryostat, provided by the National Astronomy Observatory
of Japan (NA0J). The Band 3 cartridge noise temperature is
measured using a liquid nitrogen load (bucket with absorber
liner) and a room temperature load. A chopper wheel
switches the input signal from the hot to the cold load. The
output IF of the receiver is filtered using a fixed bandpass 4
GHz filter for the wideband measurement or a 100 MHz
YIG filter for narrow band measurements. The signal is
then amplified before it is detected by an Agilent 4418B
power meter and an Agilent 4412A CW power sensor. The
receiver noise temperature of the Band 3 receiver is using
the standard equation:

Th —Tc xY
Trec = where

Y —1

Y = 
PHin 

PCin
Th and Tc are the calibrated hot and cold load temperatures.
Since the liquid nitrogen bucket is seen by the feedhorn after
a couple of mirror reflections, the true temperature of the
cold load is not the same as the temperature of the boiling
point of liquid nitrogen which is 77.35 K. The cold load is
calibrated by placing a cone made of the AN72 Eccosorb

absorbing material directly over the cryostat window. Tc is
calculated to be 83.3K

PHin and PCin are power meter readings when the hot and
the cold loads are presented to the input of the band 3
receiver. Therefore, Trec is the measured single side band
noise temperature, un-corrected for imperfect image
rejection. The corrected single side band noise temperature
is calculated as follows;

T B - Trec(1+ —
1)

—

where
R is the image rejection.

If the measured receiver noise is 37 K, the added noise can
be 3.7 K for a 10 dB image rejection or 0.37 K for a 20 dB
image rejection. Typically, for the band 3 receiver, a 15 dB
image rejection (see section B below) is obtained so the
added noise is 1.1 K. Noise temperatures presented in this
paper are corrected for the imperfect image rejection of the
2SB mixers.

In the ALMA cryostat, the Band 3 mixers will be operated
at a temperature of 4 K +/-0.25 K. Furthermore, a separate
tuning table will be used for each of the mixers. Therefore,
it is important to generate the tuning table (mixer bias and
LO power as function of LO frequency) for optimum noise
performance at the prescribed operating temperature. Table
1 was generated by tuning the mixer of a prototype cartridge
at 3.75 K and then the receiver noise was measured when
the mixer was operated at 4.00 K and then 4.25 K. The
same procedure was then followed at 4 K and then at 4.25
K. Tuning the mixer at 4.00 K provides the optimum noise
performance for a mixer that will be operated between 3.75
and 4.25 K. When the mixers are cooled the I-V curves are
changed so that the energy gap is increasing. As a result,
the optimum bias is varying with operating temperature. It
should be noted that for consistency with the ALMA
cryostat, all mixer noise data presented in this paper were
taken at 4.00 K. An improvement of 1.7 K can be obtained
if the cryostat is cooling the mixers at 3.75 K.

Mixer tuning Measured Treceiver
temperature @ 3.75K @ 4.00K @ 4.25K

(K)
3.75 37.1 39.8 44.5
4.00 36.9 38.6 42.1
4.25 38.1 39.3 41.1

Table 1: Polarization 0 USB mixer temperature — Band 3
prototype

The Band 3 receiver single sideband noise performance is
plotted for each of the four IF channels as a function of the
RF frequency in Fig 2. Each point corresponds to an
average of the noise taken in 4 GHz band centered at 6 GHz.
Therefore, the receiver can detect signals within the full RF
bandwidth 84-116 GHz simultaneously with two
polarizations. The noise temperature specification is such
that the noise must be less than 37 K for 80 % of the RF
band and less than 62 K for any point within the RF band.
This noise includes the input cryostat window at the input
end and the warm IF amplifiers at the output end.
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RF (GHz)

The noise contribution of the isolator is 1 to 2 K. As for the
mixer [6], its noise is estimated to be 5 to 10 K and
conversion loss to be 0.8 to 3 dB. The IF chain noise is
dominated by the noise of the cryogenic amplifier since its
gain, 35 dB, makes the noise contribution of the subsequent
component negligible, i.e. of the order of 0.1 K. The noise
of the cryogenic amplifiers is 3.5 K, averaged across the full
IF band width. As a result, T 

recerver DSB is equal 13K for best
mixer gain and noise, and can be up to 22 K in the worst
case.
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Fig 2. Band 3 Receiver broadband noise temperature

Using a 100 GHz YIG filter, the narrow band noise is also
measured for each channel between 4 and 8 GHz. The noise
must be less than +1-25% of the average noise. An example
is shown in Fig 3.

irimmlimmi
,*- * •• •-.-- • • •

4.5 5 5.5 6 6.5 7 7.5 8

IF (GHz)

NB Noise Temp. BB Noise Temp.
- Low Spec.(-25% of BB) - High Spec. (+25% of BB)

Fig 3: Narrow band noise temperature at L0=100 GHz,
Mixer at 4.00K, Pot O-USB

The noise temperature of the Band 3 cartridge, using a 2SB
mixer, can be expressed by the following equation.

T 
receiverSSB = 

2
(
T 

receiverDSB) 
L

optics T
load 'optics

where
T

load is 4.2 K, as the image side in the 2SB mixer is
terminated by a absorber.

The optics, consist of all the components between the RF
vacuum window to the input of the mixer units,
T0p11c5

=2.5 K, and L0p11c
=0.4 dB

This analysis assumes a perfect image rejection since the
noise results in Fig. 2 have already been corrected.

And finally, TreceiverDSB is the double side band noise of the
mixer including the LO sideband noise which is less than
1 K. Also, the use of a cryogenic attenuator (10 dB)
between the LO and the 16 dB coupler reduces the thermal
LO noise to a value of 2 K which is included in the
T

receiverDSB-
T

receiverDSB excludes the input optics as it is taken at the
input of the mixer. The DSB noise consists of the mixer
noise and gain in cascade with the cryogenic IF amplifier.

Taking all the above mentioned noise contributions, the
total estimated SSB noise varies from 25 K to 42 K. In
practice, the noise varies from 26 K to 36K across the RF
band for the four IF channels. It must be noted that the
quantum noise at 100 GHz is hy/k=4.8K. Therefore, the
best measured noise, 26 K at 102 GHz, is obtained with a
mixer operating close to the quantum limit.

B. Image Rejection

In order to measure the image band suppression, a CW
signal is injected through the hot load, using a WR-10
waveguide probe and detected in both upper and lower
sidebands by the Band 3 receiver. The CW signal is
generated by using an Agilent E8257D synthesizer and a X6
Millitech Multiplier. The image rejection of the cartridge is
found by using the techniques of Kerr et. al described in [7].
The technique requires the measurement of heat power
levels as listed in Table 2.

Input OutputPort
Detection

Hot Load USB
Cold Load USB
Cold Load L SB
Hot Load LSB
Signal source in
LSB

LSB

Signal source in
LSB

USB

Signal source in
USB

USB

Signal source in
USB

LSB

Table 2. Configuration of the input and output ports for
the measurement of the image rejection. s

The image rejection is measured in narrow band mode
with a 100 MHz YIG filter across the IF band, for each LO
frequency. An example is shown in Fig 4.
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Fig 4: Image Rejection of the Pol 0, LSB and USB, in
narrow band mode, at LO=100 GHz.

For each ,LO frequency, an average was calculated and
plotted against the receiver RF bandwidth, in Fig. 5, for the
four channels.

The only element in the cartridge that contributes to the
image rejection quantity is the 2SB mixer described in [3].
The variation across the IF can be controlled by phase
matching the IF cables connecting the DSB mixers and the
IF quadrature coupler. The phase and amplitude imbalance
of this later component is important as well.

On the RF side, the Phase and amplitude imbalance must
be controlled by maintaining a high machining tolerance (5
microns) on the RF waveguide coupler. Also, the gain
match of the DSB mixer must be controlled by RF pre-
screening prior to the forming the 2SB assembly.

25.00 

Fig. 5: Image rejection of the four channels

C. Cross-Polarization

Radiating a CW signal using a WR-10 waveguide in front
of the receiver window allows to measure the cross
polarisation of the Band 3 receiver. The optics of the
receiver including the vacuum window, IR filters and
corrugated horn plus lens, are not the dominant contributor
to the cross polarisation, as opposed to the OMT, described
in [2], which is the principal component generating the
small amount of cross-polarisation shown in Fig. 6.

Fig 6. On-axis cross-polarisation
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A 385-500GHz Balanced Mixer with a
Waveguide Quadrature Hybrid Coupler

Yasutaka SERIZAWA 1 '2, Yutaro SEKIMOTO 1 '2, Tetsuya IT02, Wenlei SHAN2'3,
Toshiaki KAMBA2, Naohisa SATOU2, Mamoru KAMIKURA2

Abstract—We developed a 385-500GHz balanced mixer with
a waveguide quadrature hybrid coupler. The balanced mixer
consists of an RF quadrature hybrid coupler, two double
sideband (DSB) SIS mixers with noise temperature of — 60K,
and an IF 180 degree hybrid coupler covering 4 - 8 GHz IF band.
An RF quadrature hybrid coupler was designed and fabricated
whose fabrication error was within 5gm. The noise
temperatures of the balanced mixer was similar to those of two
DSB mixers in spite of adding an RF quadrature hybrid and an
IF coupler. The required LO power for pumping the balanced
mixer was reduced by 42dB on average compared with those
for the DSB mixers and -15dB coupler. The sideband noise of
the local oscillator (a quintupler + a Gunn oscillator) was
measured to be 20K at offset frequency of 4 — 8 GHz, which
corresponds to 70K4OV. To authors' knowledge, this is the first
direct measurement of LO sideband noise at submillimeter
range. If a varistor quintupler degrades the signal-to-noise by
10dB (K. Saini 2003 [11), the sideband noise of a Gunn oscillator
is 7K4tW at the offset frequency of 0.8-1.6 GHz.

Index Terms—balanced mixer, LO sideband noise, noise
temperature

I. INTRODUCTION

B
ALANCED mixers are useful components of receivers for
radio astronomy at submillimeter and teraherz frequency

range, where enough LO power is not available. Balanced
mixers have some advantages over single-ended mixers. 1:
The required LO power is substantially less than that of a
single-ended mixer. 2: The LO sideband noise can be
reduced. So far, several balanced mixers have been
developed at submillimeter-wave bands, such as a
180-420GHz waveguide type [2], a 200-300GHz coplanar
waveguide type [31, and a 530GHz quasioptical type [4], and
a 1.32THz waveguide type (HEB) [5]. However, noise
temperature of a balanced mixer and a single-ended mixer
has not been compared. In present work, we not only
compare noise temperature of a balanced mixer and a
single-ended mixer, but also derive sideband noise of a local
oscillator.

Manuscript received May 31, 2006. This work was partially supported by
Grant-in-Aid of JSPS No. 17340058.
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3Puriple Mountain Observatory, Chinese Academy of Sciences
Yasutaka SERIZAWA E-mail: serizawa.yasutaka@nao.ac.jp

There are two types of balanced mixers. One is
quadrature-hybrid type, and the other is 180-degree-hybrid
type. In present work, we used the former type of the
balanced mixer, because the quadrature hybrid at this
frequency has been established by M. Kamikura et al. [6].

LO signal is usually coupled into a single-ended mixer
with a LO coupler. The coupling of LO signal is — -15 to -20
dB, so that most of LO power is wasted in LO coupler.
Taking account of use of 3-dB coupler in balanced mixers,
the required LO power for a balanced mixer can be reduced
by 12-17dB compared with that for single ended mixers.

II. BALANCED MIXER AND SETUP

A. RF quadrature hybrid

We designed and fabricated a waveguide type quadrature
hybrid coupler optimized to 385-500 GI-1z frequency band
[7]. The waveguide size is 5081.tm x 254pm (WR2.0). The
design values and measurement values of the branch lines are
shown in Fig.!. The fabrication error is within — 5p.m.
We designed it with a commercial 3D electromagnetic field
simulator, HFSS (High Frequency Structure Simulator). The
quadrature hybrid is split at the edge of the E-plane to reduce
the loss resulting from the misalignment of the two split
blocks [6]. The transmission of this coupler was measured
and was similar to that of [6].

Fig. 1. The macrograph of blanch lines of a 90 degree hybrid coupler.
Dimensions are in gm. The fabrication error is within — 5gm. The depth of the
waveguide is 508 gm.
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B. Single-ended mixer

Single ended mixer for this balanced mixer is an SIS mixer
developed by W. L. Shan et al. [8] [9]. It is Nb-based parallel
connected twin junction. The Josephson current was
suppressed with a super conducting magnet. The input
waveguide size is WR2.0 (508 x 254 gm).

C. Local oscillator

Local oscillator is composed of a Gunn oscillator (— 90
GHz) from RPG [10] and a cryogenic frequency multiplier or
a varistor quintupler from VDI [11] The LO power was
measured at the input of the balanced mixer at room
temperature. If the quintupler is cooled from 300K to 12K, its
efficiency would increase by 20%.

D. The balanced mixer

Fig.2 shows the block diagram of the balanced mixer and
its system. The balanced mixer consists of an RF quadrature
hybrid coupler, two single ended (DSB) mixers, and an IF
180 degree hybrid coupler. In the IF system, isolators and IF
amplifiers are used in and out of the cryostat.

LO

attenuator

Gunn Osc.

RF
Fig. 2. Block diagram of the balanced mixer. We used an RF quadrature-type
balanced mixer. The balanced mixer consists of an RF quadrature hybrid, two
SIS mixers, and an IF 180 degree hybrid.

III. MEASUREMENTS

A. Noise temperature

We first measured the noise temperatures of two
single-ended mixers by Y-factor method using hot (300K)
and cold (77K) load. The mixers were in a vacuum dewar
cooled to about 4 K. The RF signal was fed into the LO
coupler via a corrugated horn [12]. Noise temperatures of the
single-ended SIS mixers were measured with a -15 dB
waveguide LO coupler [6]. Then the noise temperature of the
balanced mixer was measured.

Fig.3 and Fig.4 show the I-V curves and noise
temperatures of the single-ended mixers and the balanced
mixer respectively. At LO frequency of 450GHz, the
balanced mixer has almost the same noise temperature as the
single-ended mixers.

Frequency dependence of noise temperatures of
single-ended mixers and the balanced mixer is shown in Fig.5.
The noise temperatures of two single-ended mixers are
similar (especially at higher frequencies), so that the
conversion gain of single-ended mixers may be similar at
higher frequencies. As expected, there is no significant
increase in noise temperature of the balanced mixer in spite
of adding the quadrature hybrid and the IF 180 degree hybrid.

Single-ended Mixer

SIS bias [mV]

Fig.3. The IV curves and noise temperatures of the single-ended
mixers in the IF band of 4-8GHz. The LO frequency is 450GHz.

0 

380 400 420 440 460 480 500
LO frequency [GHz]

Fig. 5. The noise temperature of two single-ended mixers and the balanced
mixer. There is no significant increase of noise temperature due to adding the
RF quadrature hybrid and IF 180 degree hybrid.

B. LO power

Fig.6 shows the required LO powers for two single-ended
mixers and the balanced mixer. • • In case of measuring noise
temperature of the single-ended mixers and the balanced
mixer at 4K, the parameters of the Gunn oscillator and the
attenuator were recorded. The LO powers required for the
single-ended mixers and the balanced mixer were measured
at room temperature with the same parameters as in case of
4K. Then we compared the measured LO power of the
balanced mixer with that of each single-ended mixer. The
result is shown in Fig.6. The cooling effect of 20 % increase
in efficiency of a quintupler is common to both the
single-ended mixers and the balanced mixer. The effect is not
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Fig. 6. Required LO power required for pumping SIS mixers was measured at
the input of the balanced mixer at room temperature. The required LO power is
reduced by —12dB on average. The LO coupling of -15 dB for single-ended
mixers is indicated for reference.

corrected in this Figure.
It can be found that the required LO power for the

balanced mixer is reduced by — 12dB on average.
Furthermore, at higher frequencies the LO power reduction is
better than at lower frequencies. This is consistent with a fact
that the two DSB mixers have the same noise temperature
(see Fig.5). According to Fig.5, at lower frequencies two SIS
mixers may have relatively different conversion losses, but at
higher frequencies they may have similar conversion losses.

C. LO sideband noise

We measured LO sideband noise of a quintupler + a Gunn
oscillator. Fig.7 explains a derivation of LO sideband noise.
The leakage 6 which expresses the ratio of the LO sideband
noise outputted from the signal port is defined (see Fig.7).

TRF

TLOse

Noise Port

Tmix 5 («1): leakage

Fig. 7. Simplified derivation of LO sideband noise from a balanced mixer.
The balanced mixer consisting of a quadrature hybrid, two single-ended SIS
mixers, and an 180 degree hybrid can be regarded as one component whose
noise temperature is Tmix . The leakage 6 is 0 if the balanced mixer works
ideally.

If the balanced mixer works ideal, the 6 should be 0. In fact,
the leakage of the LO sideband noise and that of the signal
are not the same, but we considered those are the same in the
first order approximation. Psignal and P- noise are the powers
outputted from the signal and noise ports, respectively. Then,
the following equations are derived. (Af: band width)

Psignal G IFsignalk B [(1-8)TRF+{T„,,

ix + 
g TLO-noise}] 'V (1)

B T RF {T + (1 —.ixPnoise G IFnoise k (5)Tbo-noise}]Af (2)

Fig.8-10 shows the results derived from measurements with
integrated IF frequency of 4 — 8 GI-1z. The signal and noise
ports interchange with changing SIS bias polarity. The four

data points from bias polarities of two SIS mixers were
obtained.

The values of 6 are lower at higher frequencies, which is
consistent with the similar conversion gains of two SIS
mixers at higher frequencies. The value of 0.03 corresponds
to noise reduction ratio of— 17 dB. Fig.9 shows the values of
Tmix . The result is consistent with the measured noise
temperatures of the balanced mixer (Fig.5). Fig.10 shows the
LO sideband noise (TL0-noise) integrated in the IF frequency of
4 — 8 GHz.

Fig.11 shows IF-frequency dependence of 6, Tmix, and

110-rioise• The mixer noise temperature Tmjx and the leakage 6
are flat over IF frequency from 4 — 8 GHz, but the LO
sideband noise TLo_noise has large ripples. It is due to standing

o 
	

400 420 440 460 480 500

LO frequency [GHz]

Fig. 8. The measurement result of the leakage 6.
The difference of the colors expresses the polarity of two mixer biases.

Tmix

460 420 440 460 480 500
LO frequency [G1-14

Fig. 9. Derived noise temperature of the balanced mixer in the IF frequency
of 4 — 8 GHz. The difference of color expresses the polarity of two mixer
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LO frequency [GHz]

Fig. 10. Derived LO sideband noise (TLO-noise) in the IF frequency of 4-8 GHz
Note that a Gunn oscillator used for 380-400GHz is different from that for
450-500 GHz. The difference of color expresses the polarity of two mixer
biases.
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Fig. 11. IF-frequency dependence of leakage 6, mixer noise temperature Tmix,
and LO sideband noise TLO-noi..

waves in the LO path. The LO sideband noise without the
ripple was - 20K. 110-noise at lower frequencies where there
wouldn e't be such large ripples was also - 20K. This means
that noise temperature of a DSB mixer at this frequency
includes LO sideband noise of 10K. This fact is consistent
with the difference of noise temperatures of Fig.5 and Fig.9.

Based on the calculated LO power for a SIS junction of
0.13pW [13], the input power for the balanced mixer is -
0.3pW (3dB quadrature hybrid). So, the LO sideband noise
whose offset is 4-8GHz is 70K/pW (quintupler + Gunn
oscillator). K. Saini (2003) [1] calculated that a varistor
quintupler degrades the signal-to-noise by 10dB. According
to it, the sideband noise of a Gunn oscillator corresponds to -
7K/1..tW whose offset is 0.8-1.6GHz.

The shot noise is given as the following equation [14].

T 2e
= ' hot 

'bias R (3)'shot 
ki3Af kB

P
LO= 

o( 2RN = 0.017 [pW] (4)n

,where an - 1, N, (the number of the junction)=2, h: Planck
constant, f=100GHz, e: electron charge magnitude, and RN

(normal resistance)=20Q. Thus, a single-ended SIS mixer
pumped with a Gunn oscillator at 100GHz should have an
LO sideband noise of 7 [K/p.W] x 0.017 [pW] = 0.12 [K],
which is not easy to measure. The LO power required for
pumping an SIS mixer is proportional to the square of
frequency [13]. In general, a multiplier degrades sideband
noise by 20log(n) or the square of multiplication (n:
multiplication) [14]. That is the LO sideband noise of
multiplier chain for SIS mixers is roughly proportional to the
4th power of frequency. For example, a single-ended SIS

mixer operating at 1THz with 10 times multiplication would
have a sideband noise of 10 [K]x(1THz / 500GHz)4 = 160
[K] 3.3hf/k, which can be major of the low noise THz
receiver.

IV. CONCLUSION

We developed and measured a 385-500GHz waveguide
and modular type balanced mixer with a waveguide
quadrature hybrid coupler. The measured noise temperature
is almost the same as that of each single-ended mixer. There
is no significant increase of noise temperature due to adding
the quadrature hybrid and the IF 180 degree hybrid. The
required LO power is less than the single ended mixers by -
12 dB on average. Furthermore, based on the result of
measurement of the output power we estimated the LO
sideband noise using the balanced mixer. LO sideband noise
(a quintupler + a Gunn oscillator) for two mixers was
measured to be - 20K or 70K/11W. Sideband noise of a Gunn
oscillator was derived to be - 7K/gW, which is consistent
with shot noise.
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Substituting Ibms=0.2A and R=10V/0.2A=5011 (operating
values of the Gunn oscillator) into the above equation yields
Tsn0t=2.3 x105 K. The output power of the carrier signal of a
Gunn oscillator is -3 x 104 pW. Therefore, the sideband noise
of Gunn oscillator is estimated to - 8K/pW or -160 dBc/Hz
from shot noise.

Following the above results, LO sideband noise for an
typical RS mixer covering any frequencies can be estimated.. •
The LO power for a single-ended mixer at 100GHz is ([13])

( N.hf 
2
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DSB Mixer 1
Abstract-We have developed a 385-500 GHz sideband-

separating (2SB) mixer, which is based on a waveguide
split block coupler at the edge of the E-plane of the waveguide,
for the Atacama Large Millimeter/submillimeter Array
(ALMA). An RF/LO coupler, which contains an RF quadrature
hybrid, two LO couplers, and an in-phase power divider, was
designed with the issue of mechanical tolerance taken into
account. The single-sideband (SSB) noise temperature of a
receiver using the RF/LO coupler is 104 K at the band center,
which corresponds to 5 times the quantum noise limit (hf/k) in
SSB, and 280 K at the band edges. The image rejection ratio of
the receiver was found to be larger than 9.5 dB and typically 15
dB in the 385-500 GHz band.

Index Terms-sideband-separating (2SB) superconductor-
insulator-superconductor (SIS) mixer, waveguide split-block
coupler, RF quadrature hybrid, ALMA

I. INTRODUCTION

T
He Atacama Large Millimeter/submillimeter Array
(ALMA) [1] covers atmospheric windows from 30 GHz
to 950 GHz in 10 frequency bands with relative

bandwidth of 20-30 %. To improve the performance of the
receiver, sideband separation is effective because it reduces
the atmospheric noise [2].

Although there are several ways to achieve a 2SB mixer,
we have selected a waveguide based 2SB mixer because it is
compact, has no moving part, and good performance up to
370 GHz was reported by Claude (275-370 GHz) [3]. So far
other waveguide based 2SB mixers were developed by
Claude et al. (211-275 GHz) [4], Asayama et al. (90-115
GHz) [5], Chin et al. (86-116 GHz) [6], Vassilev et al.
(85-115 GHz) [7], Kerr et al. (211-275 GHz) [8], Kamikura
et al. (385-500 GHz) [9]. In this paper we present the recent
results of the 2SB mixer for the 385-500 GHz band;
compared to that described in [9], designs of an RF
quadrature hybrid, an LO coupler, and the waveguide loads
are revised.

A block diagram of a sideband-separating (25B) mixer
with two double-sideband (DSB) mixers is shown in Fig. 1,
which is similar to that described in [3-9]. It consists of two
DSB mixers, an IF quadrature hybrid, and an RF/LO coupler,
which contains an RF quadrature hybrid, two LO couplers, an
in-phase power divider, and three waveguide loads.
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DSB Mixer 2

Fig. 1. Block diagram of a 2SB mixer [3-9]. RF/LO coupler contains an RE
quadrature hybrid, two LO couplers, an in-phase power divider, and three
waveguide loads.

II. RF/LO COUPLER DESIGN

The design of an RF/LO coupler is shown in Fig. 2. To
reduce the loss resulting from the misalignment of the two
split blocks, the RF/LO coupler is split at the edge of the
E-plane. At submillimeter wavelengths (— 0.6 mm), the size
of the waveguide and branch lines become smaller. The
branch lines can be fabricated with electrical discharge
machining. On the other hand, the waveguide itself can be
made with direct machining. The alignment between the
machining and electrical discharge machining is not easy.
Since the alignment error degrades the performance of the
2SB mixer, split-block coupler at the edge of the E-plane was
used. Compared with the split block in the middle of the
E-plane as described in [3-8], the alignment of the two blocks
becomes easier. We took care to ensure contact between the
two blocks at the edge of the E-plane by arranging 4 screws
effectively. The design is a scaled model described in [5]
referring to [4]. The waveguide size of the RF/LO coupler is
559 gm x 280 JIM (WR 2.2).

The unit of the RF/LO coupler were designed with a
commercial 3D electromagnetic field simulator, HFSS (High
Frequency Structure Simulator) [10]. We took into account
conductor loss for the TEio mode because the higher modes
are evanescent modes in the waveguide. The conductivity of
gold at 4 K is assumed to be 1.1 x 10A9 S/m, which includes
the effect of the surface roughness (— 2 gm) of the waveguide
as described in [11]. The conductor loss of the waveguide of
the RF/L0 coupler other than the RF quadrature hybrid and
the LO coupler at 4 K was around 0.2 dB for the waveguide
length of 20 mm.
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A. RF quadrature hybrid

An RF quadrature hybrid is a four-port coupler as shown in
Fig. 3. The fourth port is terminated by a waveguide load.
The two waveguides are separated by broad walls and are
coupled through shunt guides approximately Ag/4 long. It is a
3 dB power divider with a 90 degree phase difference
between the two outputs.

The RF quadrature hybrid was designed to have amplitude
and phase imbalances of < 2.5 dB and < 10 degrees,
respectively. These are required to achieve a 10 dB or larger
image rejection ratio (IRR) of the 2SB mixer as described in
[12].

The 58 [tm width of the branch-line coupler was optimized
from the electrical discharge machining. The number of
branch lines and the dimensions were optimized as shown in
Fig. 3. We have selected an 8 branch-line coupler.

At submillimeter wavelengths mechanical tolerance
becomes very severe. The mechanical tolerance of the
branch-line widths of the RF quadrature hybrid was studied
in Fig. 4. We found that typical machining errors of'- 5 tim
do not affect the RF performance.

B. Waveguide load

Frequency [GHz]

Fig. 4. Mechanical tolerance of the branch-line widths of the RF quadrature
hybrid. The graph shows the amplitude imbalance and phase difference when
no mechanical error exists (red lines) and the branch-line widths are smaller
(blue lines) or larger (green lines) by 5 1.im than the design values. Port
definitions are as shown in Fig. 3.

For the material of the waveguide load of the RF/LO
coupler, we have used MF116 [13], which is described in
[14]. MF116 is made of iron powder and epoxy resin. The
shape of the load is shown in Fig. 5 (a). Simulated input
return loss of the load was as low as - 40 dB at 440 GHz as
shown in Fig. 5 (b).

C. In-phase power divider

The in-phase power divider of the RF/LO coupler is an
E-plane Y-junction. We have chosen to use an in-phase
power divider of 3.0 mm radii. The input return loss of the
in-phase power divider is < -24 dB from simulation.

D. LO coupler

From the point of view of an SIS mixer, lower coupling is
desirable to minimize the loss of RF signals. However, the
LO power is generally limited at the submillimeter
wavelengths. In the case of this receiver, it was around 80
1,1W at the output of the cryogenic multiplier. Thus we have
designed a -15 dB LO coupler with 3 slots as shown in Fig. 6,
which is consistent with LO power calculation.

The 35 pm width of the slot was optimized from the
electrical discharge machining. The number of slots and the
dimensions of the LO coupler were optimized as shown in
Fig. 6. The mechanical tolerance of the slot widths of the LO
coupler was studied as shown in Fig. 7. We found that typical
machining error of 5 pm do not affect the LO performance.

2000

-50 

360 400 440 480 520

Frequency  EG Hz]

(a) (b)

Fig. 5. (a) Shape of the waveguide load. (b) The simulated input return loss.

360 400 440 480 520

Frequency [GHz]
Fig. 7. Mechanical tolerance of the slot widths of the LO coupler. The graph
shows transmission, and coupling when no mechanical error exists (ps6 lines)
and the branch-line widths are smaller (blue lines) or larger (green lines) by 5
trn than the design values. Port definitions are as shown in Fig. 6.
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III. MEASUREMENT RESULTS

The RF/LO coupler was fabricated by Oshima Prototype
Engineering [15]. The waveguide was made with direct
machining and the branch lines were made with electrical
discharge machining. The material is gold-plated TeCu.
Three waveguide loads for the RF/LO coupler were made of
MF116 [13].

Mechanical measurements with a microscope and
measurements with a vector network analyzer (VNA) were
done. The mechanically measured values were calibrated
with a high precision scale, HL 250 [16]. The accuracy of the
measurements was around 2 pm, which was derived from the
reproducibility of the measurements.

We have assembled a VNA for the 385-500 GHz band,
using commercial components. Some S-parameters of the
RF/LO coupler were measured with the VNA. The dynamic
range is around 50 dB, and the amplitude and phase stability
is around 0.1 dB and 1 degree in 1 hour, respectively.

To compare the measurements and the simulations at room
temperature, we assumed that the conductivity of gold at
room temperature is 1.1 x 10'1 S/m, which includes the
surface roughness (- 2 pm) of the waveguide as described in
[11].

A. RF quadrature hybrid

A 6 branch-line coupler, which is based on the design
described in [9], was evaluated. From the mechanical
measurement, a typical mechanical error was around 5 pm.
The measurements with the VNA at room temperature and
simulation are compared as shown in Fig. 8. The maximum
amplitude and phase imbalances were 1.7 dB and 12 degrees,
respectively.

From simulation, the loss of the RF quadrature hybrid was
-0.5 dB, the loss of the waveguide at room temperature was
-1.4 dB, and the transmission of the LO coupler was -0.4 dB.
For the simulation, we used the dimensions from the
mechanical measurements. These results are consistent with
the measured results with the VNA. The error bars were
derived from the reproducibility of the measurements.

B. In-phase power divider and LO coupler

A 2 slot coupler, which is based on the design described in
[9], was evaluated. We measured the insertion loss the LO
coupler as shown in Fig. 9. The loss was found to be -20 dB at
room temperature.

From simulation, the coupling of the LO coupler was -15.5
dB, the loss of the waveguide at room temperature was -1.4
dB, and the loss of the in-phase power divider was -3.1 dB.
These results are consistent with the results from the
measurements with the VNA.

IV. RECEIVER PERFORMANCE

A. Cartridge-type receiver

A cartridge-type receiver [17] including the 2SB mixer
was evaluated in a cartridge test cryostat [18]. The receiver
consists of three cold stages with operating temperatures of 4
K, 15 K, and 110 K. A corrugated horn was designed by
Matsunaga et al. [19]. CLNAs with 3-stage GaAs transistors
and cryogenic isolators for the 4-8 GHz IF band have noise
temperatures around 12 K. The coaxial cable was bent to
connect between the DSB mixers and the IF quadrature
hybrid, whose locations are not optimized.

360 400 440 480 520
Frequency [G Hz]

Fig. 8. Measured (solid line with points) and simulated (dashed line) results of
(a) transmission and coupling of the RE quadrature hybrid, (b) phase
difference of the RE quadrature hybrid. The error bars were derived from the
reproducibility of the measurements. Port definitions are as shown in Fig. 2.

-16
Measurement
Simulation

-20

-22

400 440 480 520

Frequency [GHz}

Fig. 9. Measured (solid line with points) and simulated (dashed line) results of
the insertion loss of the LO coupler. The error bars were derived from the
reproducibility of the measurements. Port definitions are as shown in Fig. 2.

The DSB mixer for the 385-500 GHz band has been
developed by Shan et al. [20-21]. Two Nb-A10x-Nb SIS
(Superconductor-Insulator-Superconductor) tunneling
junctions are parallel connected (PCTJ: parallel connected
twin junction [22]) as a tuning circuit in the DSB mixer.

The DSB mixer has a noise temperature as low as 3 times
the quantum noise limit (hfik) with relative bandwidth of
20 %. Fig. 10 shows typical IV power curves of the DSB
mixers. The superconducting magnet current was 10 mA to
suppress the Josephson current of the SIS mixer. Josephson
current is suppressed successfully.

The LO was a combination of a Gunn oscillator, a power
amplifier, and a quintupler. The quintupler was mounted on
the 15 K stage of the cartridge. On the other hand, the Gunn
oscillator and the power amplifier were outside the vacuum
vessel. The 78-100 GHz signal generated by the Gunn
oscillator is amplified to - 100 mW by the power amplifier.
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Fig. 11. (a) Image rejection ratio and (b) SSB noise temperature of the 2SB
mixer measured with a cartridge-type receiver.

B. Image rejection ratio and noise temperature

Image rejection ratio (IRR) was measured as shown in Fig.
11 (a) with the method from Kerr et al. [23]. The IRR was
larger than 9.5 dB and typically 15 dB in the 385-500 GHz
band.

The single-sideband (SSB) noise temperature of the
cartridge for the 385-500 GHz band was measured with the
Y-factor technique using a hot (300 K) and cold load (77 K)
placed in front of the input window, as shown in Fig. 11 (b).
The SSB noise temperature was 104 K around 435 GHz,
which corresponds to 5 hf/k, and less than 280 K in the
385-500 GHz band.
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Abstract— Radio frequencies spectrum is a scarce resource
with special properties:
- Part of public propriety, but its use on a national basis
must take into account the uses of neighbour countries that
must be protected against interferences.
- Scarce, but inexhaustible, unlike oil, for instance.
Explosion of technologies using electromagnetic waves,
especially those relating to mobile applications leads to
strong pressure on this resource, economic value of witch is
increasing.
For these reasons, certain economists call in question again
both the lawfulness of public actors in charge of the
frequencies management and the methods of this
management.

Because of its specificity, frequencies spectrum is a resource
that must be regulated, on order to be used in a rational and
optimised way.
Because of propagation properties, this regulation is carried
out at two levels:
-International level, for radio frequencies does not consider
boundaries.
-National level, because frequencies are used on national
basis, by each sovereign state.
The present talk is centred on three main axes:
1: Specific constraints relating to frequencies spectrum use:
Rights and duties of frequencies users such as those result
from international and national rules.
2 International bodies involved in frequencies management:
global level (ITU) and regional level (for ex: CEPT and
E.0
3- An example of national organisation: the ANFR in
France.

I. RIGHTS AND DUTIES OF FREQUENCY'S USERS:

Frequencies spectrum is the public property of each
sovereign state. For that, it is impossible to sell it: it is
placed at users disposal, at national level, during period of
time depending on technologies evolution and economic
global development, type of players-operators and
manufacturers- and type of equipments put on the market.
This resource must be used, depending on national
allocations, based on international sharing, under specified
conditions and for limited periods

A. International regulatory provisions:

At global level, those provisions are defined in ITU frame.
ITU is a specialized UN s' organisation, gathering 188

countries, and in charge of promoting efficient
telecommunications development, by defining regulation,
standardization of equipments and technical cooperation
with less advanced countries.
Rights and duties of state Members, relating to frequencies

uses, result from Union Constitution, and especially, from
Radio Regulations, that is annexed to the Constitution.
International treaty, ratified by national parliament, the R.R
is invested with a stronger power than the national law.
It contains provisions relating to:

a ) The conditions of utilisation of the frequencies
bands included between 9KHz and 1000 GHz;
b ) The conditions of protection of frequencies
utilisation

1) Conditions of radio frequencies bands utilisation
The regulatory rigidity of the RR
R.R .Article 5 now allocates the frequencies bands, until
275 GHz, between the different radio services; such as they
are defined at its article 1, according to propagation
characteristics and technologies evolutions.
Radio services include:
Fixed and mobile Services
Terrestrial and space Services
Active and passive Services.
The RR establish to categories of services: Primary
"service , witch benefits of priority, and "secondary
service.
Stations of "secondary - services shall not cause interference
to stations of "primary" service to witch frequencies are
already assigned or to witch frequencies may be assigned at
a later date, and cannot claim protection against harmful
interference from station of a " primary" service to witch
frequencies are already assigned or to witch frequencies
may be assigned at a later date.
Because it is scarce, the spectrum is very often shared
between two, or more than two primary (or primary and
secondary) services.
This sharing can be on "equal rights '% between primary
services if they are expected to be compatibles a priory (ex:
Fixed and fixed satellite service in frequencies bands above
1 GHz.)
Otherwise, the RR shares the world into three Regions,
corresponding to the main continents
R1: Europe and Africa
R2: North and South America
R3: Asia, Australia, and Oceania.
So, frequency bands, according to propagation conditions,
type of radio services, but also economical stake, market
size, are allocated on a worldwide basis (R1-R2-R3 ) or on
Regional basis.
Mechanisms introducing flexibility
The notion of radio service:
The idea of radio service is wider as the idea of radio
system.
It allows consequently equipments evolution without
question of uses rights, which is essential in order to
guarantee the profitability of economic investments
resulting of the network expansion.
The footnotes
Definition of additional (services allocated plus others) and
alternative (services of footnote instead of ) allocations.
During a radio conference, some countries can derogate to
allocation provisions of the frequencies Table under the
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condition that they register their name (and the name of the
additional or alternative service in a footnote.
Such as the notion of service, the footnote is a way to
introduce flexibility in the international allocation Table

2) Protection conditions offrequency:
The purpose of frequencies management is to operate at the
same time the maximum of transmitters, without
interference, taking onto account that
- Frequencies bands are shared between services;
- Frequencies channels are re used at a specified distance
from the previous utilisations.
To be protected against interference, frequencies
assignments shall benefit of "international recognition".
To get this recognition, frequencies assignments shall be
either:
- Registered in the Master International Frequency Register,
up dated by the ITU. The date of receipt of the frequencies
assignments, under the condition that they are in accordance
with RR provisions, provides to their "anteriority rights":

That means that other administrations shall take these
previous assignments under consideration when making
their own assignments in order to avoid harmful
interferences.
- Or in accordance with assignments included in a Plan, if
the Plan has been concluded in the ITU.
It is necessary to record frequencies assignments, for passive
services too, in the Master file, on order to get protection
against interference and to keep uses of rights, if the band is
re-allocated.
Provision RR 11.12 stipulates that: -Any frequency to be
used for reception by particular radio astronomy station may
be notified if it is desired that such data be included in the
Master Register.-

B. National regulatory provisions:

At national level, the international sharing is completed and
precised by the national regulation.
In France, the "Tableau national de repartition des bands de
frequencies " annexed to a decree taken by the Prime
Minister completes the international sharing.
This document, based on the international allocation Table
to radio services, adds the national ministers and
"Independent Authorities" witch, either use frequencies for
their own needs — government utilisations- or give licences
for commercial and private needs.
For these national users, called by the French law as
-affectataires", frequencies can be used based on
"exclusivity- if they are designated as single user, or based
on sharing either with priority, or with not same rights.
It is possible to use frequencies not in accordance with the
RR Article 5, but assignments in such cases cannot get
international recognition, and shall not cause interference to
assignments of other administrations used in accordance
with the RR.
It is mandatory to register assignments in the national data
file, called the "Fichier national des frequences «, in order
to get national protection against national interference and to
be registered in the international Master register.

- INTERNATIONAL FREQUENCY MANAGEMENT

ORGANISATIONS:

A. _ITU: The worldwide organisation dealing with
frequency management:

Issued from the European Conference dealing with the
regulation of telegraph system in 1865, ITU is the oldest of
the international inter-governmental organisations. For this
reason, all other international organisations took ITU as
model, United Nations too.
ITU is composed by two kinds of bodies: Regulatory and
permanent bodies

1) Regulatory bodies:
Plenipotentiary conference, mainly in charge of:
- Electing the General Secretary, the Vice General
Secretary, the Directors of the 3 Boards, the Members of the
Committee, and the members of Administrative Council
- Determining the budget of the Union

- Modifying, as such as necessary, provisions contained in
the ITU Constitution and Convention.
Administrative Council, in charge of: 
-Representing the Plenipotentiary conference, it holds each
year, to look at budget, and for execution of the
Constitution, Convention, Regulations ( R.R)and
Conferences provisions.
RR Committee:
Composed by representatives of countries Members, it
meets about two weeks per year and examines the Radio
Bureau activities.
Radio Conferences, in charge of
Modifying the RR and ITU Plans provisions, in accordance
with their agendas
Radio Assembly, in charge of: 
Establish, through specialized Committees,
Recommendations and Reports relating to technical and
operating conditions of radio equipments.

2) Permanent Bodies
General Secretariat
Organized in Departments, ITU General Secretariat is under
the general Secretary s' authority.
It deals with:

Preparation and execution of the budget
Secretariat works organisation and employees
nomination
Organisation of ITU conferences and publication of
their Finals Acts
Bring in legal advices for the Union of witch the
general secretary is the legal representative

Radio Bureau
It deals with frequencies assignments registration for
Terrestrial and space Services. It up-date the Master
Register, in accordance with provisions contained in the RR
and Finals Acts of ITU Regional Conferences.
This data base contains all assignments for all radio services
which benefit of international recognition.
The Radio, Development, and Telecommunication
standardization Sectors: 
Under the Director s authority, each Sector allows the
participation of the I.T.0 Members to the works of the
Union.
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Relating to radio Sector, the Sector organizes the meetings
of radio Assembly, and its working parties.

B. An example of regional organization: CEPT and UE:

In order to reach the harmonization of frequencies bands
utilization, relative extended market European western
countries have been working together since the sixty,
building up an organization called the "Conference
Europeenne des Pastes et Telecommunications " (CEPT).
All groups of countries, in each continent are also gathered
in regional organizations (ex: CITEL, for America
continent).CEPT gathers more than 40 countries from
western and astern Europe, also includes Turkey and Russia.
Trough the "Comite des communications dlectroniques"
(ECC), a working Party (CPG) has been set up in order to
reach compromises and write European common proposal
(ECP) for the ITU conferences.

The European Union (EU) has regulatory power to
harmonize frequencies bands and operating conditions
inside the Union.
The "Directives" when adopted need the Members States to
modify their national laws.

III. AN EXEMPLE OF NATIONAL FREQUENCY
MANAGEMENT: FRENCH ANFR

The French present organization results from the
Telecommunication Regulation Law from 1996.
This laws gave to a state agency the "Agence nationale des
frëquences" (ANFR) the planning managing and the
monitoring of radio frequencies , taking nevertheless under
consideration the competences of the 11 ministries and
Authorities users of frequencies- for their own needs, or to
licence privates users-
The ANFR has Administrative Council, composed by
representative members of frequencies users, and radio
experts.
A general director directs it.

The ANFR is composed of:

A. Four technical Directions:

La direction de la planification du spectre et des affaires 
internationales (DPSAI: 
It deals with :

The making up of national position for
international meetings
Proposals of the national frequencies repartition,
the TNRBF, which the prime minister shall
approve.
Manage the spectrum in a prospective way
Manage a relocation found in order to facilitate the
frequencies utilisation evolution.

La Direction du contrOle technique du spectre ( DTCS ) 
Includingseven technical services, spread on the territory,
this Direction is equipped with 50 fixed monitoring stations
and with 26 mobile monitoring stations.
It deals with:

-The interferences resolution
-The de detection of illegal uses
-The organization and coordination of monitoring
of radio spectrum, for the benefit of all ministries
and authorities users of frequency.

-The checking of radio equipments, in order to
ensure that they are in accordance with technical
standards.

La Direction des conventions avec les affectataires (DCA) 
It deals with:
The conclusion of conventions in order to perform works
relating to frequencies management for national users of
frequencies.

La Direction de la gestion nationale des frequences
(DGNF) 
It deals with:
The up-date of the frequency files required for frequencies
coordination and registration
The up-date of the radio stations file.

B. Consultative Committees:

ANFR performs its tasks by working together with the
« Affectataires », inside consultative committees", set up
by the Administrative Council
These committees are organized around three main kinds of
competences:
a) Frequency planning:
o Commission de planification des frdquences » (CPF),
dealing with the national allocation Table.
Around this main Committee, are gathered:

-"Commission d 'assignation des frèquences- (CAF),
dealing with frequency registration.

-"Commission des coordinations aux frontiers"(CCF),
dealing with international coordination.

-"Commission de contrOle du spectre, - dealing with
national monitoring policy.
b) International aspects:
"Commission des conferences radioelectriques", (CCR) to
which are gathered:

-"Commission des conferences des
radiocommunications" (CCR), dealing with preparation of
ITU conferences.

- « Commission de l' Assemblee des
radiocommunications dealing with preparation of ITU
radio standardisation and operational conditions meetings.

-"Commission des affaires Europeennes", dealing with
questions relating to European policy concerning radio
sector.

c ) Synthesis and prospective aspects: 
o Commission de synthese et prospective »( CSPR), to
which are gathered:

"Commission de compatibilitë electromagnetique" (CCE)
« Commission des revues du spectre (CDRS)
« Commission du fonds de reamenagement du spectre >>

(CFRS)
« Commission de valorisation du spectre » (CVS).

Such a mechanism is very interesting, because it associates
all frequency users — for governmental and commercial
uses -to the decision process.
All users known the constraints relating to frequency uses,
and can defend their position in order to reach the necessary
compromises between opposite and, sometimes very
political, interests.
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THE SPECIFICITY OF SCIENTIFIC USE OF SPECTRUM.
Andre Deschamps — Observatoire de Paris — Paris 75014

Abstract— The progress of technologies induces a
need of bandwidth in the frequency spectrum,
which is full in most countries. In consequence
administrations have to balance two opposite
concepts : public and private, market and
progress of basic knowledge

I. RIGHTS AND PROTECTION:

Article 5 of the RR (Radio Regulations) specifies all
allocation bands from 9 kHz to 1000 GHz in the whole
world, as well as the rights of protection against harmful
interferences.
To day, only frequency bands up to 275 GHz are allocated.

A. Below 275 GHz

1) In primary exclusive frequency bands
The footnote 5.340 of RR indicates a list of bands where
emissions are strictly prohibited in all the countries
members of ITU. These frequency bands are called
"exclusive bands". Obviously, those bands are dedicated to
passive services.
Twenty-one frequency bands defined from 1400 MHz to
252 GHz are allocated for passive use to:

• Earth Exploration Satellite Service (EESS)
• Space Research Service (SRS)
• Radio Astronomy (RAS)

2) In primary shared frequency bands.
The footnote 5.149 of the RR asks to Administrations to
take "all practicable steps to protect passive services against
harmful interference". Thirty-nine frequency bands are
defined all over the world, from 13360 kHz to 114.25 GHz.
These frequency bands are shared principally with space
borne and airborne stations.
Regulation agencies of each country are responsible of
application of these footnotes, so the difference in
interpretation of the RR by different governments could
moderate the protection of scientific bands in some
countries.

3) In secondary shared frequency bands.
A secondary allocation does not give any right to any
protection in this frequency band. So, passive services may
only be "victim" inside of these frequency bands.

4) Outside of attributed frequency bands.
Users of non-attributed frequency bands have strictly no
right to practice emission. On another hand, if the EMC
field is sufficiently low, the interferences produced are not
detectable by so called "victims-.
Reversely, scientific use outside of attributed bands is very
difficult, considering the increasing number of operators.
Use or Radio Quiet Zone could be envisaged. Also device
development in a Faraday Cage is generally used when
observation of distant phenomena is not required.

B. Between 275GHz and 1000 GHz

Article 5.565 of the RR gives recommendations on this part
of the spectrum, for experimental applications : "The
frequency band 275 — 1000 GHz may be used by
administrations for experimentation with, and development
of, various and passive services. In this band a need has
been identified for the following spectral line measurement
for passive service"
Are listed eight bands for Radio astronomy and seventeen
bands for passive EES and SRS.
As these bands are not allocated, so this article could
conclude : "Administrations are urged to take all practicable
steps to protect these passive services from harmful
interference until the date when the allocation is
established"

C. Above 1 THz

The spectrum actually covered by ITU-R rules has an upper
limit at 1 GHz. Part of the agenda of the next World Radio
Conference in 2007 (WRC-07) is to discuss on the part of
spectrum above 1 THz up to 3 THz.
Radio astronomers have identified twenty-three frequency
bands of interest to the community, taking in account a
Doppler shift of ± 300 km/s. Some scientists believe that a
red shift of +300 / -1000 km/s is more appropriate. Other
people believe that it could be more efficient to keep five
very wide bands free of interferences.
It is to be noticed that agenda of WRC-07 ( In 2007) was
approved in WRC-03, so the WRC-07 will decide of the
agenda of WRC-11 (in 2011).

II. SCIENTIFIC FREQUENCY BANDS IN JEOPARDY.

The progress of technologies induces a need of bandwidth in
the frequency spectrum, which is full in most countries. In
consequence administrations have to balance two opposite
concepts : public and private, market and progress of basic
knowledge. If traders are able to compute the price of one
megahertz, the scientists couldn't.

A. The impact of new technologies.

The introduction of new technologies and new applications
requires new access to the spectrum. But in most industrial
countries, there is no part of spectrum unallocated. For
some years, making part of spectrum available to satisfy the
European harmonization has required the relocation of many
users. Some users have the possibility to move from one
frequency band to another, with appropriate funding from
administration.
This flexibility is not possible for the scientific frequency
bands whose numerical values are derived from universal
physical laws.
So the administrations have to balance with the economical
(short term) value and the scientific (long term) value of
each part of the spectrum attributed for the scientific use.
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Everybody can imagine the weight of scientists compared to
operators.
Frequency management politics is very different depending
on different countries; fortunately, in France, ANFR plays
an important role to prevent the degradation of the quality of
the spectrum.

Some new technologies such as Ultra Wide Bandwidth
(UWI3) will be very soon used by a large amount of users.
This technology is dedicated to the global market (not
subject to licensing). This justifies technical studies at
international (European) level to protect the quality of
spectrum. Scientific users (and particularly passive users) of
spectrum are highly concerned with these studies, due to the
high sensitivity of the receivers (radio telescopes). This
action, by CEPT ECC TG3 / 63 and IUT-R TG 1/8, is now
under development.

The European oRadio Spectrum Policy Group engages an
action called «Scientific Use of Spectrum». The main
objective of this request is to develop a policy approach,
which ensures that the specific constraints on spectrum used
by scientific services, and in particular by passive services,
are taken into account within the overall European policy
goals. A list of frequency bands used for scientific purpose,
will be bring for discussion. The public consultation is to be
finalized in August 2006. The opinion will be presented for
approval in October 2006. This action does not concern
frequencies above 270 GHz.
The result of this request for opinion is not obvious. In some
countries, the goal is to preserve the frequency bands used
for science, but in others countries it is to balance costs and
benefits of scientific use versus costs and benefits
economical use.

III. THE NEED OF BANDWIDTH FOR OPERATORS

A. In primary exclusive bands

Primary exclusive bands are protected by footnote 5.340 of
the RR. This footnote was created to protect passive services
from active services noting the vulnerability of passive
measurements. The text ix very clear and explicit: "All
emissions are prohibited in following bands", and the bands
are listed.Nevertheless, an exception has occurred: the
Automotive Short Range Radar between 23,6 and 24 GHz.
The band 23.6-24 GHz is of primary interest by itself to
measure water vapour and liquid water.

1) The SRR24 short story.
A group of car manufacturers and suppliers organise
themselves in a consortium called -SARA" who plans to
implement SRR's in cars. This device operates around 24
GHz.
European Commission for licensing was approached for a
standard development
A work group, including scientific community was
constituted by ECC to study SRR compatibility with
allocated services (EESS passive, RAS)
Following a very hard discussion, an interim
implementation of SRRs in band 23.6 - 24 GHz was applied,
despite of scientific community protest.
On the other hand, it was admitted that SRR (assuming use
of power levels defined by US) cannot share the band 23.6 -
24 GHz without limitations including:

• Permanent band attributed for SRRs will be around
79 GHz

• Implementation of SRRs in band 23.6 - 24 GHz is
temporary

• Maximum of 7 % of cars with SRR will be allowed
• Sale of cars with 5RR24 will end in 2013, and be

replaced by cars with SRR79.
Automatic switch off facilities is mandatory inside
specified areas (radio telescopes).

As an example the radio telescope of IRAM in Plateau de
Bure and Observatoire de Bordeaux have received a
protection in a 35 km radius area. The CE report says : "The
temporary introduction of automotive short-range radar in
the 24 GHz range radio spectrum band has an exceptional
character and must not be considered as a precedent for the
possible introduction of other applications in the bands
where ITU Radio Regulations footnote 5.340 applies, be it
for temporary or permanent use."

For the first time there will be an active use in a band
protected by footnote 5.340, people could believe this is a
unique exception.

B. In shared bands

Up now the sharing of frequency bands protected by the
footnote 5.149 was not so difficult to be managed, due to the
large availability of frequency modification from the
concerned operator.
Due to the extension of the bandwidth occupancy (asked by
the operators) the part of the spectrum not used inside of a
given geographical area has become scarce.
Other techniques of management, like time sharing inside of
a given frequency bands, are now taken in account. For
example, if a radio observatory did not use a specific
frequency band during a defined time interval (some weeks,
some month) some operator wishes to use this frequency
band during this time.
The same technique is used in non-attributed bands: in this
case observations are done during low radio traffic hours.

C. Quiet zones for science.

1) The frequency "quiet" parts of the spectrum
It could seem obvious that the upper part of the spectrum (
approximately above 50 GHz) is free of interferences,
including the lines not legally attributed to science. This
may be true to day, because the technology for current
applications (telecom, UWB, broadcasting, etc) is not yet
ready to use this part of spectrum. Tomorrow, the quick
improvement of technology will allow the occupancy by the
operators of the upper part of the frequency spectrum.
The scientific community must be aware to attach
importance to the protection of this part of spectrum. This
could be done by the way of each national administration,
accordingly with the RR.

2) The geographical radio quiet zones (RQZ)
The increase of radio telescopes sensitivity has enabled the
detection and the study of objects at very long distance,
presenting a very important red shift. Most of the time, this
phenomenon shifts the observed lines out of the allocated
bands. This is particularly restrictive for the Square
Kilometre Array (SKA) telescopes at 21 cm, but all the
future ground based radio telescopes are concerned (ALMA,
etc)
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It is obvious that the increase of scientific frequency bands
is very unlikely, so the installation of future radio telescopes
(SKA, ALMA, etc.) in a Radio Quiet Zone is the best
compromise.
A good example is the National Radio Quiet Zone, which is
a 13000 square miles region in West Virginia and Virginia
around the Green Bank Observatory site.

IV. CONCLUSION

The introduction of new technologies requires new access to
the spectrum. But in most industrial countries, there is no
part of spectrum unallocated. Flexibility is not possible for
the scientific frequency bands whose numerical values are
derived from universal physical laws.
Everybody must be aware that operators and traders are now
looking at the part of the spectrum used for science.
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Spiral antenna coupled
and directly coupled NbN HEB mixers

in the frequency range from 1 to 70 THz
S.N. Maslennikov, M.I. Finkel, S.V. Antipov, S.L. Polyakov, W. Zhang, R. Ozhegov, Yu.B. Vachtomin,
S.I. Svechnikov, K.V. Smirnov, Yu .R Korotetskaya, N.S. Kaurova, B.M. Voronov, and G.N. Gol'tsman

Aloscow State Pedagogical University, Moscow, 119992, Russia, Email: onduty@tplab.ru

Abstract—We investigate both antenna coupled and directly
coupled HEB mixers at several LO frequencies within the range
of 2.5 THz to 70 THz. H 2 0 (2.5+10.7 THz), and CO 2 (30 THz)
gas discharge lasers are used as the local oscillators. The
noise temperature of antenna coupled mixers is measured at
LO frequencies of 2.5 THz, 3.8 THz, and 30 THz. The results
for both antenna coupled and directly coupled mixer types are
compared. The devices with in—plane dimensions of 5x5 ,um 2 are
pumped by LO radiation at 10.7 THz. The directly coupled HEB
demonstrates nearly flat dependence of responsivity on frequency
in the range of 25+64 THz.

Index Terms—Superconducting radiation detectors, Hot carri-
ers, Bolometers, Mixers.

I. INTRODUCTION

The performance of antenna coupled NbN HEB mixers
is mostly investigated at the frequencies below 5 THz [1],
[2]. There are only two other types of the mixers, except
for HEB mixer, which are being developed for terahertz
range — Schottky and SIS mixers, but at frequencies above
1.25 THz SIS mixer is not applicable yet [3] and Schottky one
demonstrates much worse sensitivity, not sufficient for most
applications [4]. Although antenna coupled NbN HEB mixer
significantly outperforms Schottky or SIS one in the sensitivity
at frequencies over 1.2 THz, its own noise performance
becomes essentially worse when LO frequency exceeds 4 THz.
It is believed that this is caused by smaller size of planar
antenna at higher frequencies and accordingly smaller area
of the contacts between the sensitive NbN bridge and Au
antenna. As a result the contact resistance increases as well as
RF losses [51.

It has been suggested to use the structures coupled to the
radiation directly i.e. without any additional Au planar antenna
patterned on the mixer chip [6]. In this case the sensitive bridge
itself is appeared to be an absorber, and the contacts, being in
the IF circuit, are appeared to be excluded from RF circuit at
all.

This article is devoted to the work aimed at the realization
of the idea of directly coupled mixer which can improve NbN
HEB mixers performance at higher terahertz LO frequencies
and also make them applicable in the middle IR.

II. ANTENNA COUPLED MIXER AT 2.5 AND 3.8 THz

Let us consider our results achieved for antenna coupled
NbN HEB mixers at LO frequencies below 4 THz. The DSB

noise temperature of our NbN HEB mixers at 2.5 THz is re-
ported to be about 1300 K, while at 3.8 THz the noise temper-
ature value is increased up to 3100 K [7]. Both the values are
still more than one order of magnitude higher than the quantum
limit at corresponding frequencies and amount to 11 hft° and
to 17" it° , respectively. In these expressions fLo is the LO
frequency. Such an increase of antenna coupled mixer noise
temperature can not be explained by taking into account the
quantum noise only The most probable explanation is the raise
of RF losses partly due to contact resistance which increases
with the LO frequency. This contacts resistance mostly affect
RF current because at the LO frequency the sheet resistance of
NbN layer 500g) is 3 orders of magnitude higher than that
of covering Au layer 0.8g). Due to this fact the RF current
flows into active NbN film only in the small area near the
edges of the antenna (fig. 1). The characteristic antenna size
may depend on RF frequency in a manner that if frequency is
increased a smaller antenna should be chosen for integration
with the sensitive bridge. As a result, at higher frequencies
the areas where RF current flows become smaller and smaller,
the effective contact resistance is increased, and consequently,
noise temperature becomes worse.

III. DIRECTLY COUPLED MIXER AT 30 THz

The NbN HEB mixer designed for the frequency of 30 THz
do not have an additional planar antenna integrated NiN ith its
sensitive bridge. It utilizes an ability of electron subsystem
of disordered NbN film to absorb incident radiation directly.
For preliminary experiments we have chosen the most simple
configuration of the sensitive bridge. Active area of NbN film
between Au 1F contacts was patterned in a form of a rectangle
with dimensions close to 30 x 20 ttm.2 (fig. 2). If the wave
front of LO beam is flat the LO radiation is focused on the
film in a spot with the diameter limited by diffraction. At the

Antenna ,

NbN

Fig. I. RE current in the contacts between sensitive NbN bridge and
Au antenna. The small area where RE current flows is denoted by the arrows.
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LO frequency of 30 THz the diameter of the diffraction limited
LO spot is about 5 pm that is less than the dimension of the
sensitive area side (fig. 3), so it can be stated that all the
absorption of incident radiation only occurs inside the NbN
bridge contour.

The form of the LO wave front affects the pumping of
directly coupled HEB mixer. If LO spot is smaller than the
superconducting bridge (fig. 3, left graph) superconducting
DC current may flow around it. Corresponding IV — curve
is marked as "diffraction limited LO spot" in fig. 4. In the
case of defocused LO the whole NbN bridge is pumped to the
resistive state (fig. 3, right graph) and corresponded IV—curve
is marked as "slightly defocused LO spot". It should be noted
that both the curves highlighted in fig. 4 correspond to the
same LO power.

Another reason to defocus the LO spot follows from the fact

Fig. 2. SEM photos of directly lens coupled NbN HEB mixer.

Relative intensity - Relative intensity

Fig. 3. Simulated intensity of LO spot on the NbN sensitive bridge at
30 THz. The left graph corresponds to the flat wave front, while the right
graph corresponds to the situation when the LO spot is slightly defocused.
The dimensions of x—y planes shown in the images are close to the
in—plane dimensions of NbN sensitive bridge. The simulation are given for
hemispherical Ge lens with the diameter of 12 mm and extension length of
1.96 mm.

Fig. 4. IV — curves versus LO spot for directly coupled NbN HER

that down conversion of RF signal happens only in the area
pumped by LO. In particular* in the noise temperature mea-
surement the image of the hot/cold black body load overlap
all the mixer's sensitive area. As LO spot may be smaller than
the device area overlapped by the load image * not all parts of
this area may be involved in the down conversion. In order
to involve all the sensitive area into the down conversion it is
sufficient to make the diameter of the LO spot to be close to the
active area size. This can be achieved by a slight defocussing
of the LO spot.

The optimal absorbed LO power for directly coupled NbN
HEB was estimated by isothermal technique. Its value amounts
to 20 ii\V [6]. It should be noted that this value is at least
20 times higher than that for antenna coupled mixers. At
the same time, there is no lack of powerful radiation sources
in the infrared region containing, in particular, the frequency
of 30 THz at which the experiments on the noise temper-
ature measurement were carried out. At lower frequencies
(5+10 THz) sufficient LO power can be obtained by use of
recently introduced quantum cascade lasers.

The noise temperature at 30 THz for directly coupled NbN
HEB mixers was measured by Y-factor technique using a CO2
gas discharge laser as LO. Only two measurements were done
— with 600 K and 1200 K hot black body loads. In both
measurements a room temperature black body was used as a
cold load. The Callen & Welton noise temperature was close
to 2300 K, that was amounted to 3 times of the quantum
limit [6].

The responsivity of the receiver was investigated in the de-
tection mode using a chopped filament and a room temperature
black body as the signal loads. In order to obtain a rough
dependence of the receiver's responsivity versus frequency a
set of bandpass dispersion filters was used (fig. 5). For certain
filter the responsivity is expressed as:

where D,, is the incident power per unit bandwidth, 7-(v)
is the dependence of the filter transmission versus frequency,
T1. 296 K and Tbb 1200 K are the room and filament
temperatures, respectively, and Ur is the response voltage.

In the experiments, Ur was measured by a lock—in amplifier
for each filter of the set, and then the responsi-vity was
calculated using (1) (fig. 5).

It can be concluded that at the frequencies < 25 THz
the device responsivity is cut by Ge input window of the
cryostat and the lens, while at the frequencies > 25 THz the
responsivity is almost flat and close to 70

The radiation pattern of the heterodyne receiver based on
directly coupled NbN HEB mixer is narrower than that of
log—spiral antenna coupled HEI3 and amounts to 0.6° [6]. This
experimental result is in good agreement with simulation of
Gaussian radiation pattern for the sensitive area with in—plane

dimensions of 20 x 20 pm 2 (fig. 6).
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Fig. 6. Radiation pattern of directly coupled NbN HEB mixer based receiver
at 30 THz (solid circles). Dotted line corresponds to the radiation pattern of
the system consisting of Si lens, spiral antenna and a mixer at 2.5 THz [8].
Solid line corresponds to the simulation given for hemispherical Ge lens with
the diameter of 12 mm and extension length of 1.96 mm. More detailed
description of the receiver is given in [6].

I V. HEB MIXER FOR 10.7 THz LO FREQUENCY

The H20 gas discharge laser used for investigation of
the noise temperature at 2.5 THz and 3.8 THz has also an
emission line at 10.7 THz. However the intensity of this line
is not enough to pump the directly coupled HEB mixers
with the active area dimensions of 30 x 20 pm' x 4 nm.
Investigations at 10.7 THz were performed using HEB mixers
with smaller, 5 x 5 pm', active area. The coupling of smaller [6]

mixer with LO radiation at 10.7 THz is strongly dependent
on the orientation of the mixer relatively to the _polarization
of LO. More power is absorbed by the mixer if E is directed
across the slot between the Au contacts (fig. 7). This can be
explained if we consider this contacts as an antenna.

V. CONCLUSIONS

Planar antenna coupled NbN HEB mixers exhibit low
noise temperature at the terahertz frequencies: from 0.7
to 2.5 THz it is close to 10 hf

ir and at 3.8 THz it is
about 17 /2- (3100 K). At higher terahertz frequencies it
goes up much steeper because of antenna and contacts losses.
Preliminary investigations of directly coupled to radiation NbN
HEB mixer demonstrate high sensitivity that can be obtained
with this type of coupling; at 30 THz Callen & kr/Felton
noise temperature is about 2300 K that is close to 3 hfr

[2]

[3]

[4]

[5]

[7]

[8]
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Fig. 5. The dependence of the receiver's responsivity versus frequency (filled
circles) and the transmissions of the bandpass filters used in the experi-
ment (lines). For 30 x 20 pm2 device the optimal absorbed LO power is

about 20 ttW. Responsivity of the device versus frequency
is almost flat and amounts to 70 *- in the frequency range
of 20+70 THz. At 10.7 THz we pumped 5 x 5 inn 2 device
that is smaller than the radiation spot and did not have enough
LO power to pump 30 x 20 pm2 device.
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An HEB cross-bar balanced mixer at 1.5 THz

A. Skalare, J. Stern
Jet Propulsion Laboratory California Institute of Technology

In this presentation we will describe the development of a hot-electron bolometer (HEB)
cross bar balanced mixer circuit that could simplify the injection of local oscillator
power in future focal plane mixer arrays. The effort is targeted towards potential use in
instruments for SAFIR, but also towards smaller instrumentation that could fit into a
future mission under NASA's SMEX or MIDEX definitions. The goal is to demonstrate
a low-noise laboratory receiver that can be frequency tuned, that uses a solid-state local
oscillator and that has no moving parts.

Our approach is to fabricate HEB's on shaped thin silicon substrates and to install these
into a waveguide mixer, taking advantage of the low losses and the high beam-quality
of waveguide horn antennas as well as giving scalability to higher frequencies. Silicon-
On-Insulator (SOD technology provides thin (6 microns) membrane substrates for the
mixer circuits. These substrates can be given arbitrary shape by deep-trench etching,
and gold tabs (beam-leads) are formed along the edges of the substrates to contact the
circuits and to clamp the chips tightly into a split-block waveguide fixture. This mixer
concept should work at frequencies up to several terahertz without the power leakages
and resonance modes that would result from thicker substrates or large extended
membranes. A cross-bar circuit is used so that the local oscillator (LO) power can be
coupled to the mixer via a separate waveguide, thereby achieving high coupling
efficiencies for both the detection signal and local oscillator without using an external
interferometer. The mixing elements are superconducting NbTiN and NbN HEB's. The
entire mixer has been machined and assembled at the time of this writing, but has not
yet been tested - further results are pending and will be presented at the symposium.

This work was performed at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration.
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1.9 THz and 1.4 THz waveguide mixers with NbTiN HEBs
on Silicon Nitride Membranes

P. P. Muiloz, S. Bedorf, C.E. Honingh, K. Jacobsi

KOSMA, I. Physikalisches Institut, Universitat zu KOln
Zillpicher StraBe 77, D-50937 Köln, Germany

We developed waveguide HEB mixers for the GREAT instrument on SOFIA at 1.9 THz and
for the ground-based receiver CONDOR at 1.4 THz. The latter has been taking astronomical
data recently at the APEX telescope on the Atacama site.
The HEBs with a dimension of 0.4x4pm consist of 3-5nm thick NbTiN films deposited at
800°C on Silicon wafers covered with a 21.1,m thick layer of low-stress Silicon Nitride. The
waveguide probe and the RE blocking filter are 200nm thick gold films. The contacts to the
bolometer are made of a NbTiN/Au bilayer after performing an Oxygen/Argon plasma
cleaning step. After backside Silicon etching, an individual membrane device is flip-chip
bonded to a separately fabricated Silicon support frame. The frame is glued into a fixed-
backshort waveguide block that has the necessary recess for the Silicon frame and a substrate
channel for the device substrate. The 1.9 THz waveguide with a height and width of 59gm x
133[tm is stamped 5911m deep into the copper block.
At 1.9 THz, the full receiver setup in the SOFIA flight configuration achieved an average
uncorrected noise temperature of —2000 K over the IF band, limited from 1.25 to 1.75 GHz
by the cryogenic isolator. The 1.4 THz receiver achieved —1500 K in the same IF band. The
IF bandwidth and sensitivity of the bolometers seems not to be strongly affected by the
cooling through the thin membrane only.
The mixers were LO-pumped by a Backward Wave Oscillator followed by a frequency tripler
(Radiometer Physics GmbH, Meckenheim) at 1.9 THz and with a solid state
amplifier/multiplier chain (Virginia Diodes, Inc., Charlottesville, VA), driven by a synthesizer
at around 19 GHz, at 1.4 THz. The diplexers are Martin-Puplett interferometers. Details of the
CONDOR receiver are given in a contribution by Martina Wiedner et al. submitted to this
conference.

Photograph of the 1.9 THz waveguide mixer with the NbTiNHEB
and RF filter circuit visible through the semi-transparent Silicon Nitride
membrane.

1 E-mail jacobs@ph1.uni-koeln.de
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IF Impedance and Mixer Gain of Hot-Electron Bolometers and
the Perrin-Varmeste Two Temperature Model

J. W. Kooi l , J. J. A. Baselrnans 2 , J. R. Gao 3 , T. M. Klapwijk3 , M. Hajenius3,
P. Dieleman4, A. Baryshev4, and G. de Lange4.

We have measured the frequency dependent IF impedance and mixer conversion gain of a
small area NbN hot electron bolometer (HEB). The device used is a twin slot antenna
coupled NbN HEB mixer with a bridge area of 1 x 0.15 mm, and a critical temperature of
8.3K. In the experiment the local oscillator (LO) frequency was 1.300 THz, and the
intermediate frequency (IF) 0.05-10 GHz. We find that the measured data can be
described in a self consistent manner with a thin film model presented by Nebosis,
Semenov, Gousev, and Renk, that is based on the two temperature electron-phonon heat
balance equations of Perrin-Vanneste. From these results the thermal time constant,
governing the gain bandwidth of HEB mixers, is observed to not only be a function of the
electron-phonon scattering time and phonon escape time, but also a function of electron
temperature. The latter is due to the temperature dependence of the electron and phonon
specific heat. Because hot electron bolometers nominally operate at, or slightly above, the
critical temperature (TO of the superconducting film, where local resistivity as a function
of electron temperature is largest, it follows that the critical temperature of the film plays
an important role in determining the FMB mixer gain bandwidth. For an NbN based hot
electron bolometer, the maximum predicted gain bandwidth is approximately 5.5 GHz,
given a film thickness of 3.5 nm and a Tc=12K.

Both the measured impedance and calibrated mixer gain data are used to determine
(fit) values for t t.eph -esc, and ce/cph in the NSGR model. We demonstrate that in this way
the model provides a self consistent set of parameter values. Results agree well with
literature, and provide an excellent agreement between model and measurement,
inclusive of electro-thermal feedback modulations.

1 California Institute of Technology, MS 320-47, Pasadena, California 91125, USA.
E-mail: kooigcaltech.edu, http://www.submm.caltech.edu/cso/reveivers.html

2SRON Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.

3Kavli Institute of Nanoscience, Faculty of Applied Sciences, Delft University of Technology,
Lorentzweg 1, 2628 CJ Delft, The Netherlands.

4SRON Netherlands Institute for Space Research, Landleven 12, 9747 AD Groningen, The Netherlands.
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Optimal Cold-Electron Bolometer with a
Superconductor-Insulator-Normal Tunnel

Junction and an Andreev Contact

Leonid Kuzmin

Abstract— A novel concept of the optimal Cold-Electron
Bolometer (CEB) with a Superconductor-Insulator-Normal
(SIN) Tunnel Junction and Andreev SN contact has been
proposed. This concept has been developed to improve noise
properties of the CEB by increasing current responsivity for
SQUID readout (in voltage-biased mode) in comparison with
classical CEB concept comprising two SIN tunnel junctions. In
this configuration the power of incoming signal is not split
between two series junctions and the current response of a
single junction is twice larger in comparison with double
junction structure.

The signal is concentrated from antenna to an absorber
through capacitance of the tunnel junction from one side and
Andreev contact from another side. HF matching is realized by
resistance of a normal metal absorber that is independent on
tunnel junction parameters. The volume of a normal metal is
partly squeezed due to proximity effect of a superconducting
electrode from the Andreev contact that also increases
efficiency of the electron cooling.

The concept is based on direct electron cooling of the
absorber by SIN tunnel junction that serves as negative
electrothermal feedback for the signal. Noise properties are
considerably improved by decreasing the electron temperature.
Ultimate performance of the CEB is determined by optical load
converted to shot noise of the signal readout. The goal is to
achieve noise-equivalent power (NEP) of the CEB with
standard SQUID readout less than photon noise. Ultimate
NEP better than photon noise can be achieved practically in
wide range of power loads from 0.1 1W (SPICA) to 30 pW
(OLIMPO, CLOVER, PILOT). Applicability of the CEB to
post-Herschel space missions looks very promising.

Index Terms— Cold-Electron Bolometer, SIN tunnel
junction, Andreev contact, SQUID readout

I. INTRODUCTION

C
osmology experiments in the last few years (WMAP,

k./BOOMERanG, SDSS) have discovered that the
Universe consists of 73% Dark Energy, 23% Dark Matter,
and only 4% ordinary matter. The most shocking news is
acceleration of the Universe by unknown forces due to the
increasing dominance of a mysterious dark energy. The
prove of existence of the Dark Energy and Dark Matter has
been recognized by magazine Science as the Breakthrough
of the Year [1]. Experiments to resolve the nature of the
mysterious dark Universe require a new generation of
telescopes with increased accuracy of resolution including

Manuscript received May 31, 2006 This work was supported in part by
the Swedish Research Council Grant L Kuzmin is with the Chalmers
University of Technology, 412 96 Gothenburg, Sweden (phone: +46 31
7723608; fax: +46 31 7723471; e-mail: Leonid.kuzmin@
mc2 . chalmers. se ).

polarization CMB measurements. There are several
cosmology instruments (CLOVER, EBEX, BICEP, QUIET)
that are being designed to measure the polarization in the
Cosmic Microwave Background (CMB). The B-mode
polarization is generated entirely by primordial gravitational
waves.
The project OLIMPO is a 2.6 m balloon-borne telescope,
aimed at measuring the Sunyaev-Zeldovich effect in clusters of
Galaxies. We will use typical requirements on detector system
from OLIMPO project for development of optimal concept of
bolometer. The OLIMPO detector system consists of four
bolometer arrays at 140, 220, 410 and 540 GHz. The bolometer
arrays should operate in 300 mK cryostat. The estimated
optical loading on the OLIMPO detectors in flight, Po,
determines the required detector parameters and the ultimate
sensitivity of the instrument. The optical loading is dominated
by emission from the warm telescope plus the emission from
the 2.73 K CMB. The power on each detector at 140, 220, 410
and 540 GHz is 4, 6, 14 and 28 pW respectively [2],[3]. From
these values we can calculate the fundamental limit to
sensitivity from photon noise and express this in terms of an
NEP.

A new generation of detectors is needed for these advanced
telescopes. One of these technologies is the Capacitively
Coupled Cold Electron Bolometer (CEB) with SQUID
readout [4]461 The SQUID readout has been already
developed for TES bolometers with typical sensitivity of 1
pA/Hz1/2 . The goal is to achieve noise equivalent power
(NEP) of the CEB with standard SQUID readout less than
photon noise. The CEB is a planar antenna-coupled
superconducting detector with high sensitivity and high
dynamic range due to use of SIN tunnel junctions for
electron cooling and strong electrothermal feedback [4]. To
achieve noise matching with SQUID for the estimated in-
flight optical power load, a CEB with smaller junction
resistance (larger area) has to be used. However, a standard
shadow evaporation technique does not give opportunity to
do junctions with area more than 1 m 2 . Some optimization
of properties should be done to realize noise matching for
available area of the junctions or a new technology of SIN
junctions should be developed.

In this paper, we will analyze an optimal configuration of
CEB with one SIN junction and Andreev SN contact instead
of a traditional CEB with two SIN junctions in series.
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II. CONCEPT OF AN OPTIMAL BOLOME'TER WITH ONE SIN

TUNNEL JUNCTION AND SN ANDREEV CONTACT

To increase efficiency of CEB for current readout, an
optimal configuration of CEB with capacitively coupled SIN
junction and Andreev SN contact has been considered (Fig.
1). This concept has been proposed to improve noise
properties by increasing responsivity of the CEB for SQUID
current readout (in voltage biased mode). In this
configuration the power of incoming signal is not split
between two series junctions and the current response is
realized by a single junction increasing twice responsivity in
comparison to double junction structure. It should lead to
decrease of amplifier noise and the junction shot noise.
The volume of a normal metal is partly squeezed due to
proximity effect of a superconducting electrode from the
Andreev contact that further increases efficiency of the
electron cooling without degradation of HF coupling.

Fig 1. Schematic of the optimal Cold-Electron Bolometer (CEB) with
capacitive coupling to the antenna and a SQUID readout The CEB
comprises a planar superconducting antenna and an absorber coupled
through capacitance of SIN tunnel junction and SN Andreev contact. The
SIN tunnel junction is used also for electron cooling and power
measurements by SQUID readout system.

The signal is concentrated from an antenna to the
absorber through capacitance of the tunnel junction and
Andreev contact. HF matching is realized by resistance of a
normal absorber that is independent on tunnel junction
parameters.

The concept is based on direct electron cooling of the
absorber that serves as strong negative electrothermal
feedback for the signal. This feedback is analogous to the
TES (transition-edge sensor) [6] but artificial dc heating is
replaced by direct electron cooling to minimum
temperature. It could lead to a principle breakthrough in
realization of supersensitive detectors. Noise properties are
considerably improved by decreasing the electron
temperature. The loop gain of electrothermal feedback could
exceed 1000. The response time is reduced by
electrothermal feedback to 10 ns in comparison with the
intrinsic e-ph time constant of 10 Rs.

The CEB in voltage-biased mode gives opportunity to
increase dynamic range by removing all incoming power
from supersensitive absorber to the next stage of readout
system (SQUID) with higher dynamic range. The CEB with
one SIN junction and one Andreev contact has almost twice

higher responsivity than the traditional CEB with two SIN
junctions in series. It gives opportunity to realize ultimate
noise properties. However, the strength of electron cooling
is higher in double junction structure due to two junctions
working for cooling. Due to this reason improvement of
responsivity and other related properties is less than two
times.

III. MODEL

For analysis we use a concept of CEB with strong
electrothermal feedback due to electron cooling analyzed in
detail in Ref. [4]. The operation of CEB can be analyzed
using heat balance equation [4[9]:

P (V,Te ,Tph )+IA(T -T5
 )+-

172
 +1

2
R +C 

ciT 
=P (5P(1 

(1)cool
ph R abs A dt 0+ 

1"

Here, /A(7 e
5 - Ti

5„) is the heat flow from electron to the

phonon subsystems in the absorber, I' is a material constant,
A - a volume of the absorber, 7; and T ph are, respectively,
the electron and phonon temperatures of the absorber;

Pcoo/ (V , T,, T
ph 

) - cooling power of the SIN tunnel

junction; C)  = AyTe is the specific heat capacity of the
absorber; Rj - resistance of tunnel junction; Rabs -
resistance of the absorber; P(t) - the incoming rf power. We
can separate Eq. (1) into the time independent term,
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T ph ) + Pcool 0 (V 'Te 0 Tph ) = Po, and the

time dependent term,
aPcoo/ 4

( + 5EA1e + ioC A )5' = oP
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The first term, Gcoo/ aPcoodaT , is the cooling thermal

conductance of the SIN junction that gives the negative
electrothermal feedback (ETF); when it is large, it reduces

the temperature response OT because cooling power, Pcool,

compensates the change of signal power in the bolometer.

The second, G - ph = SEAT4 ' is electron-phonon thermal
e e 

conductance of the absorber. From Eq. (2) we define an
effective complex thermal conductance which controls the
temperature response of CEB to the incident signal power

G eff = G cool + Ge ph + icoCA (3)

In analogy with TES [7], the effective thermal conductance
of the CEB is increased by the effect of electron cooling
(negative ETF).
Here we assume that the SIN tunnel junction is voltage-
biased, and the current is measured by SQUID [41,16]. The
sensitivity of the device is then characterized by the current
responsivity SI, which is the ratio of the current change and
the change in the power load of the bolometer,

S - = 
d/aT _,aT L (4)

I aP
w
 Gcool+Ge- ph + koCA Gcool (L +1) + hat _I

where L = Gcooi I Ge _ph 1 is ETF gain and

r= CA/Ge _ph = r0 /(L +1)

is an effective time constant, T = C A I G e _ph ( lOps at

100 mK).

(2)

(5)
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Strength of electrothermal feedback is estimated as:

Geool aiiaT (6)
L(w) —

Ge_ ph (1 + icor) Gcooi + Ge_ ph -I- itoC A

Noise properties are characterized by the NEP, which is the
sum of three different contributions:

2612 2NEP al — NEP 2 ph + NEPSIN + — (7)tot — e - s

NE1
2

e _
ph 

= 10kBEA(7;6 + 1 l ) (8)

is the noise associated with electron-phonon interaction;
NEP2 siN is the noise of the SIN tunnel junctions, and the
last term 5 I2/S2

1 is the noise of an amplifier (SQUID), (51,
which is expressed in PA/Hz1/2
The noise of the NIS tunnel junctions, NEP

2
 silv , has three

components: shot noise 2eI/S2 1, the fluctuations of the heat
flow through the tunnel junctions and the correlation term
between these two processes

2
OI (51 „,
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2
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It is necessary to take into account the effect of the electron
cooling of the metallic strip by the SIN tunnel junction. For
every chosen voltage we first solve the heat balance
equation, find the electron temperature in the metallic strip,
and then we determine current responsivity and NEP.

IV. COMPARISON OF THE CEB WITH ONE TUNNEL JUNCTION
AND SN CONTACT AND CEB WITH TWO TUNNEL JUNCTIONS

The analysis of the Cold-Electron Bolometer ,(CEB) shows
that the optimal configuration of the is a CEB with a
voltage-biased SIN Tunnel Junction and an Andreev SN
contact. The optimal readout is a SQUID amperemeter.

We have analyzed the concept of an optimal hot-electron
bolometer in the presence of the typical background power
load (Po = 4 pW) [3] for fixed sensitivity of the SQUID-
amplifier (0.5 pA/Hz u2) [8].
Photon noise: NEP

phot

=
 
V

2P
0

 *hf (10)

Voltage/ A

Fig. 2. Total NEP and NEP components for the single junction CEB (solid
lines) and for the double junction CEB (dashed lines). The NEPphot=
2,7*1047 W/Hz 12 . Current resposivity Si is shown for both cases referred
to the right axis. Parameters: ia.,=0.5 pA/Hz' (SQUID), R=0.2 kOhm (one
junction), Vol=0.03um3(single junction) and 0.05um3(double junction),
power load Po = 4 pW.

The Fig. 2 shows results of simulation for Single Junction
CEB (SJ-CEB) and Double Junction CEB (DJ-CEB) for
maximum area of tunnel junction, 0.5 ttm2 , available by
shadow evaporation technique . Volume of absorber is
larger for DJ-CEB due to the additional tunnel junction.
The Fig. 2 shows decrease of the total NEP for SJ-CEB in
comparison to DJ-CEB. The level of NEPphot has been
achieved for SJ-CEB. This improvement is achieved mainly
due to decrease of a NEParnp (SQUID) related directly to
the responsivity Si (7). The responsivity is determined
mainly by cooling conductance Gcool (4). The Gcool is
increased twice for two junction CEB (2). For series
connection of two junctions it leads to twice decrease of
current responsivity (4).

V. DEPENDENCE OF THE NOISE PERFORMANCE ON BATH
TEMPERATURE

Responsivity of the CEB is very sensititve to the electron
temperature of the absorber. The next step would be to
check influence of the bath temperature on an NEP.

The Fig. 2 shows comparison of the NEP of a Single
Junction CEB at two bath temperatures: 300 and 100 mK.

Voltage, V/ A

Fig. 3. The NEP of the single junction CEB in dependence on voltage for
two bath temperatures: 300 mK (solid lines) and 100 mK (dashed lines).
Electron temperature of absorber Te referred to the right axis is shown for
the same bath temperatures. Parameters of the CE13 are the same as for Fig.
2: i,=0.5 pA/Hz IASQUID), R=0.2 kOhm, A=0.03um3 , Po = 4 pW,
NEPphot= 2,7*10 -17 W/Hz 2.

Simulations show that dependence of NEPtot on bath
temperature is surprisingly very weak (Fig. 3). The reason
can be clear seen from the electron temperature Te
dependence. For bath temperatures 300 and 100 mK the Te
is approximately the same at the level of 250 mK. This level
is determined mainly by high power load of 4 pW and is not
sensitive to bath temperature (through e-ph conductance).

VI. DEPENDENCE OF THE NOISE PERFORMANCE ON
JUNCTION RESISTANCE

Taking into account high power load it is reasonable to test
the junction with lower resistance (higher cooling ability).
The Fig. 4 shows comparison of NEP for two values of
junction resistance: 0.2 la2 and 0.1 ka Other parameters
are the same as for SJ-CEB in Fig. 2 and 3.
Simulations show that dependence of NEPtot on junction
resistanse is very strong (Fig. 4). The reason can be clear

SI S 2
(9)
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0,7 0,75 0,8 0,85 0,9 0,95
Voltage/ A

Fig. 4. Dependence of the NEP of a single junction CEB on voltage for two
SIN junction resistances: 0.2 kQ (solid lines) and 0.1 k g2 (dashed lines).
Electron temperature of absorber Te (right axis) is shown for the same
junction resistances. Other parameters are as for Fig. 2 and 3.

seen from electron temperature Te dependence. For higher
ohmic junction, the Te is at the level of 270 mK when for
lower ohmic one the Te is around 180 mK due to stronger
cooling conductance. This leads to lower level of energy
quantization of hot electrons in the absorber [4] with proper
increase of current response on incoming power.
Proportionally, the NEPamp is decreased leading to
decrease of NEPtot. It is interesting to stress that other NEP
components are not changed too much due to this decrease
of Te due to other dominating reasons of their origin.

Due to this strong influence on noise performance, it is
reasonable to check influence of R in wider range of values.
The Fig. 5 shows dependence of the NEP on junction
resistance R from 25 Q to 400 Q. The area of junction has
been changed proportionally from 8 Rm2 to 0.5 p,m2.

0,8

0,7
CD

0,6

0,5
CO

0,4

0,3

0,2
1:3

0,1

Junction Resistance, Q
Fig. 5. Dependence of the NEP on resistance of SIN tunnel junction (and
area) for the single junction CEB. The electron temperature of the
absorber, Te, and responsivity, Si, are shown referred to the right axis.
Other arameters are the same as for Fig. 2-4: i amp=0.5 pA/Hz I/2, T=300 mK,
A=0.03um3 , Po = 4 pW, NEPphot= 2,7*10 -17 W/Hz'', T=300 mK.

Simulations show that dependence of NEPtot on junction
resistanse is very strong in some region of resistance (Fig.
5). Starting from higher ohmic junctions, one can see
strong decrease of total NEP from 400 Q to 100 Q related
to decrease of NEPamp (dependent on Si). The CEB is
moving to background limited operation determined by shot
noise due to power load. Then, the total NEP shows some
saturation in the region from 100 K2 to 25 Q related with

increase of NEPe_ph. The NEPe_ph is related with volume
of absorber (8) and is naturally increased when volume is
increased proportionally to the area of the junction.

Final value of NEPtot is much less than NEPphot in the
region of R lower than 100 Ohm.
CEB array. This range of resistances could be achieved also
by an array of parallel CEBs. The analysis shows that the
array will act as a single CEB with a sum of junction areas
and parallel connection of resistances of absorbers.
Absorber overheating. Simulations show that de power
dissipated in absorber could lead to additional overheating
of the absorber. The effective decision could be to use a
superconducting absorber with normal metal traps [10].
Superconducting absorber would act effectively as a normal
metal for frequencies higher than superconducting energy
gap (35 GHz for Al) and as a superconductor for dc bias
without any dissipation of energy. Another decision is bi-
layer of normal metal (Cr) and superconductor (Al) for
absorber. In this case we spread the normal metal trap to the
whole absorber.

VII. CONCLUSION

A novel concept of the optimal Cold-Electron Bolometer
(CEB) with a Superconductor-Insulator-Normal (SIN)
Tunnel Junction and Andreev SN contact has been
developed. This concept with standard SQUID readout gives
unique opportunity to achieve the NEP less than photon
noise for any optical power load.
The key moment is increasing twice the current

responsivity of the CEB in comparison with classical CEB
with two SIN tunnel junctions. The most important
parameter to achieve ultimate NEP is resistance of the
junction determining cooling efficiency of the bolometer.

Applicability of the CEB to post Herschel missions looks
very promising for all range of telescopes from ground
based to space telescopes.

Useful discussion with Dmitry Golubev is acknowledged.
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Can NbN films on 3C-SiC/Si change the IF
bandwidth of hot electron bolometer mixers?

J.R. Gao, M. Hajenius, F.D. Tichelaar, B. Voronov, E. Grishina, T. M. Klapwijk, G. Gol'tsman, and
C.A. Zorman

Abstract— We realized ultra thin NbN films sputtered
grown on a 3C-SiC/Si substrate. The film with a thickness of
3.5-4.5 nm shows a 1', of 11.8 K, which is the highest I`,
observed among ultra thin NbN films on different substrates.
The high-resolution transmission electron microscopy
(HRTEM) studies show that the film has a monocrystalline
structure, confirming the epitaxial growth on the 3C-SiC.
Based on a two-temperature model and input parameters from
standard NbN films on Si, simulations predict that the new film
can increase the IF bandwidth of a HEB mixer by about a
factor of 2 in comparison to the standard films. In addition, we
find standard NbN films on Si with a T c of 9.4 K have a
thickness of around 5.5 nm, being thicker than expected (3.5
nm).

Index Terms—Hot electron bolometer mixer, thin
superconducting films, NbN film, and 3C-S1C

N
bN hot electron bolometer (HEB) mixers in
combination with THz quantum cascade lasers' are a
promising heterodyne detection technology for future

astronomic and Earth's science space missions for the
frequency range from 2 to 6 THz. However, the limited IF
gain bandwidth of HEB mixers based on standard NbN thin
film on a Si substrate tends to restrict their application2'3 . It
is highly desirable to develop new ways to enlarge the
bandwidth. Although replacing standard Si by MgO as
-substrate", the NbN films grown epitaxially- have an
increased critical temperature (71,)4. They have demonstrated
an improved IF bandwidth from 3 GHz to 4.5 GHz. But
MgO is hygroscopic and is therefore incompatible with
space applications.

We realized, for the first time, ultra thin NbN films on a
3C-SiC buffer layer' on a Si substrate, which are sputtered
grown at a substrate temperature of 800 °C. The 3C-SiC
buffer layer was produced at Case Western Reserve
University (USA), which is heteroepitaxially grown on a Si
substrate and is 1 i_tm thick, while the NbN films were

realized at Moscow State Pedagogical University (Russia),
Due to the perfect lattice matching, a 3.5-4.5 nm thick film
shows a 'I', of 11.8 K, which is the highest Te observed
among ultra thin NbN films. The measured resistance versus
temperature is given in figure 1. The monocrystalline
structure and the thickness of the NbN film are evaluated
through high-resolution transmission electron microscopy
(HRTEM). Figure 2 shows a HRTEM micrograph of the
NbN film on a 3C-SiC buffer layer, together with a zoom
view. We also find a lattice constant of 4.36A for the 3C-
SiC layer and 4.39A for the NbN thin film on the SiC layer.
Note that the first realization of NbN films on 3C-SiC buffer
layer was reported by Shoji et at . However, those are thick
films with a thickness of 100 nm.

Our HRTEM studies, as an offshoot, also show that
standard NbN films on Si with a T of 9.4 K have a
thickness of around 5.5 nrn, being thicker than 3.5 nm,
which is expected from the sputtering rate calibrated from
thick NbN films4. Figure 3 shows two HRTEM micrographs
of NbN on Si, one being for the film with a L of 9.4 K and
the other being for the film with a slightly higher T c (9.8 K).
The latter turns out to be around 6 nm thick. As indicated in
the inset, such films have a polycrystalline structure.

Based on a two-temperature model
78

 and input
parameters from standard NbN films on Si, simulations
predict that the new film can increase the IF bandwidth by at

Temperature (K)
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FIG. 1. Measured resistance as a function of temperature for an ultra
thin NbN film epitaxially grown on a 3C-SiC buffer layer on a Si
substrate.

least a factor of 2 in comparison to NbN films on Si. The
result is shown in figure 3. The physical reason is that the
higher Tc favors a shorter thermal time constant because of

87



17th International Symposium on Space Terahertz Technology TH3-6

FIG.2. HRTEM micrograph of a thin NbN film grown on a 3C-SiC buffer layer. From the top, the glue, NbN film, and SiC layer are seen. The glue is
used to prepare the specimen for HRTEM inspection. A zoom view of the NbN film on 3C-SiC, which illustrates a monocrystalline structure of the
NbN layer.

FIG.3. HRTEM micrographs of two thin NbN films grown on a Si substrate with a remaining native oxide layer. The top one ( film 1) is for the film
with a T, of 9.4 K. The glue used to prepare the specimen for HRTEM inspection is removed. The zoom shows a polycrystalline structure of the NbN.
The bottom one ( film 2) is for the film with a T e of 9.8 K. The glue in this case is remained.
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the temperature dependence of the electron and phonon
specific heat, and the thinner film favors a shorter phonon
escape time to the substrate. In this simulation, we ignore
the fact that the electron phonon interaction time can also be
film property dependent, in which a cleaner film can result
in weaker electron phonon interaction.

In addition, knowing the thickness correctly is crucial to
simulate the measured IF impedance and bandwidth using
the two temperature model 9 and is also valuable for
correctly modeling l ° and further improving HEBs.

IF frequency (GHz)

FIG.4. Calculated IF gain (normalized) versus intermediate frequency
(IF) based on a two-temperature model for the NbN film on 3C-SiC and
the film on Si substrate.

We acknowledge S.V. Svetchnikov who prepared the
samples for HRTEM inspections, which were performed at
National Centre for HREM at Delft. We thank also P. A. J.
de Korte, J. J. A. Baselmans, K. Schuster, and J. W. Kooi
for useful discussions on the topic of IF bandwidth.
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MgB2 thin film terahertz mixers

S.Cherednichenko* V.Drakinskiy

Abstract— Thin film (20 nm) MgB2 bolometric devices were
made on silicon substrates. The performance of the devices as
THz mixers was investigated with respect to the gain bandwidth
and the noise temperature. For the given film thickness the 3 dB
gain roll-off frequency is 2.5 GHz, which is much higher than for
the NbN HEB mixers of the same thickness. Corrected DSB
mixer noise temperature is = 4.2000 K at 2 GHz IF. The noise
bandwidth was measured in the IF range of 2-5 GHz.

Index Terms— MgB2, mixer, THz, electron-phonon
interaction.

1.6THz and 1100 K at 2.5 THz [6, 7, 8], 6400 K at 5.2 THz
[9]. NbN films technology is able to provide films as thin as
3 nm with 71; about 9K. Currently, the bottle- neck of the hot
electrons' relaxation process is the phonon escape from the
NbN film into the substrate. The mixer gain bandwidth of
about 2 GHz for the NbN HEB mixers on crystalline quartz
[10], 4.5 GHz on MgO [11], 3.5 GHz on Si [12].During the
past years there was a continuous search for new materials.
For example, Al, Ta, NbTiN, YBaCuO films have been tried.
In this paper we report on successful implementation of THz
bolometric mixers made of thin superconducting MgB 2 films.

I. INTRODUCTION

Superconducting hot-electron bolometer mixers have been
under intensive investigation after early publications in 1990th
[1, 2]. Due to fast electron temperature relaxation rate the
resistance modulation in some superconducting films can be
done up to GHz range without responsivity degradation. In
clean films (ql>l, where q is the phonon wavelength, and 1 is
the electron mean free path), where electron diffusion
coefficient De is large the electron temperature relaxation
occurs via electron diffusion from the bolometer to the contact
pads. Here, if bolometer is shorter than the electron diffusion
length (—(Der)", where r is the time of electron inelastic
scattering, which at LHe temperatures occurs mostly on the
phonons, re-p), the bolometer response time is proportional to
the bolometer length. E.g. for Nb, ere_ph)0 .5 —1 !Am. It
provides the mixer gain bandwidth of the order of 6 GHz [3].
Besides the bolometer length limitation the quality of the
superconductor-normal metal contact has to be very good in
order to achieve good electron transmission. Electron-phonon
interaction time in Nb films is of the order of 1 ns [4]. On
contrary, in superconducting films with much shorter electron-
phonon interaction time (e.g. in NbN re_ph —10ps at 10 K [5])
the electrons scatter on phonons prior they get a chance to
diffuse to the contact pads. In this case the phonons serve as
the heat sink. If the phonon heat capacitance is not much
higher than the electron heat capacitance, the phonon escape
time Tes, from the film to the substrate becomes important. A
number of radioastronomical instruments have been equipped
with such thin film NbN HEB mixers: HIFI 1.4-1.9 THz band
(Herschel Space observatory); TELIS, SOFIA, Receiver Lab
Telescope in Chile (SAO), APEX. A DSB noise temperature
of about 450 K has been achieved for 500-700 GHz, 700 K at

Manuscript received May 15, 2006. The authors are with the Department
of Microtechnology and Nanoscience, MC2, Chalmers University of
Technology, SE-412 96. Gothenburg, Sweden.
(Corresponding author: S.Cherednichenko, e-mail: serguei.cherednichenko(a)
mc2.chalmers. se).

A. DC characterization of MgB 2 micro bridges.

The MgB 2 bolometers were lithographically made as
2x1 lAm2 bridges in a feed point of a planar spiral antenna [8].
The nominal film thickness is 20 nm with a Tc of about 25 K.
The normal state resistivity of thicker Mg132 films has been
quoted to be in the range from 4-8 pOhrn . cm [13,14] (which is
factor of 5 higher than normal state resistivity of bulk samples
[15]) to 20-80 liOhm .cm [16]. The RF resistivity in MgB2
films is defined by the n-band (2AkT c=1.7 meV). At 1.6THz
the photon energy is 6meV.

Temperature (K)

Fig. 1. Resistance versus temperature dependence for the MgB 2 mixer. The
inset shows a close-up of the superconducting transition.

Therefore bolometer RF impedance at 1.6THz equals the
normal resistance. The resistance of the IVIgB 2 microbridge
versus temperature is shown in Fig. 1 (the inset zooms into the
superconducting transition region). The transition is rather
broad, —4K with the middle of the transition at about 22 K.
The broad superconducting transition and the long low
temperature tail are probably due to the film non-
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experimental curves can be approximated with a single-pole
Lorentzian G(0)/[1+(21Vif

. r)2), where G(0) is the IF response at
zero frequency. For mixers it is more convenient to operate
with a 3dB gain rol-off frequency fo---1/(2nr) which determines
the mixer gain bandwidth. The maximum IF respons was
observed at the LO power corresponding to the 117-c at the bias
voltage 2-3 mV. At these points (2 mV, 84 IAA, and 3mV,
87 IAA) the mixer gain bandwidth is 2.3-2.5 GHz (Fig. 3). For
higher LO power (2 inV, 77 IAA) and for higher bias voltage
(5mV, 90 liA) the gain bandwidth increases to
correspondingly 3 GHz and 6 GHz.

-0.8 12 32 52 72 92
Bias voltage (my)

Fig. 2. Current- voltage (IV) curves of the Mg13 2 mixer at 4.2 K bath
temperature: without LO power (a) and with LO power applied (b-e). The
maximum mixer gain was obtained for IV-c. The zero current corresponds to -
0.8rnV which is due to the thermal voltage on the bias lines. The curves are
obtained with a bias voltage source. The inset shows the ./Vs on a larger scale.

The current —
Voltage (in characteristic at 4.2 K is shown in

Fig. 2 (curve a) as obtained with a bias voltage source. The
residual resistance is about 8 Ohm which corresponds to the
value from the R(11) curve (Fig. I). The critical current le is
105 RA, what for the given film dimensions results in the
critical current density jc----2.6 . 105 A/cm2 . Application of the
THz Local Oscillator (LO) source (either at 0.6 THz or
1.6 THz) easily suppresses the critical current (Fig. 2, curves
b-e). The de resistance (U0/10) on all bias points from Fig. 2
does not exceed 120 Ohm, which corresponds to the low
temperature tail of the R(T)-curve. The maximum RF
responsivity (recorded during the gain bandwidth
measurements at 0.6 THz) corresponds to the ii -c and
therefore does not coincide with the maximum dR/dT.

B. MgB2 mixer gain bandwidth.

The time constant r of the MgB 2 bolorneter as a mixer was
measured by mixing two 0.6 THz backward wave oscillators
(BWO). One BWO was used as an LO while the other served
as a signal source. The mixer chip was mounted on an
elliptical silicon lens. The mixer unit was mounted on the cold
plate of a LHe optical cryostat (4.2 K bath temperature). The
IF output from the mixer unit was sent out of the cryostat to
two broadband (0.1-12 GHz) room temperature amplifiers.
Both IF frequency and IF power were measured with a
broadband spectrum analyzer. In order to improve mixer
matching to (rather long) IF line a 3dB attenuator was
connected to the mixer unit output (in the cryostat) and
another attenuator was connected to the IF output from the
cryostat. The signal BWO power was much lower than the LO
BWO power, and its frequency was constant during the
measurements. First, the IF response was measured at the IF
of about 0.5 GHz and the IV-curve (LO power) corresponding
to the maximum IF response was found. During the mixer
response measurements versus IF the LO BWO was frequency
tuned while its power (as well as the mixer bias voltage) was
kept constant. The bias points where the mixer response vs IF
was measured are shown in Fig. 2 with circles. The

Fig. 3. Intermediate frequency response of the MgB 2 mixer at two different
LO power levels and different bias voltages. The LO frequency is 600 GHz.

C. Mixer noise temperature.

The MgB2 mixer noise temperature was measured at 1.63 Tilt
LO frequency. An optically pumped FIR laser as used as the
LO source. A 2-4.5 Gliz low noise amplifier (LNA) with the
noise temperature of 2 K and the gain of 32 dB was mounted
on the LHe cryostat cold plate, next to the mixer unit. Al room
temperature the IF chain consisted of 58 dB extra
amplification, 1-9 (ii It tunable Yig-filter (50 MHz
instantaneous bandwidth), and a low noise power meter. In the
optical path, two Zitex (250 tim thick) IR filters were installed
Oil the 4.2K and 77K cryostat shields. The cryostat window
was sealed with a 1 mm Teflon slab. The system noise
temperature was obtained by measuring the Y-factor at each
IF frequency by chopping the 300K 77K RF input load. The
calibration signal was combined with the LO beam with a
Milar beam splitter. The mixer noise temperature T„ was then
calculated by taking into account the known RF losses in the
air, cryostat window and the IR filters. Finally, the T, was
corrected for the reflection between the mixer and the antenna
which is caused by the impedance mismatch: R= ( 7

,nt-
Z„)21(Z„„,+4)2 , where Zant=100 Ohm is the calculated antenna
impedance, and Z„ is the MgB2 mixer normal state resistance
(---2000 K). It results in R----0.18, i.e. about 7.5 dB. The
resulting mixer double sideband noise temperature is shown in
Fig. 4. The ripples are caused by a standing wave in the IF line
between the mixer and the LNA since no isolator was used.
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Intermediate frequency (GHz)

Fig. 4. Double sideband mixer noise temperature corrected for the bolometer-
antenna mismatch (7.5 dB) as a function of the intermediate frequency
(50 MHz instantaneous bandwidth).

11. CONCLUSION.

The gain bandwidth of 2.5 GHz obtained with the MgB2
bolometers is an order of magnitude larger than for any type of
superconducting bolometric mixers at the given film thickness
(20 nm). An electron-phonon time constant in MgB2 films —ps
has been already reported [17]. However, in order to interpret
our results a complete two temperature model [18] has to be
applied which we will do in another paper. Dynamic
resistance (dV/dI) at the maximum gain bias points is of the
order of 300 Ohm, which is much higher than the IF line
impedance (50 Ohm). This results in 3dB IF loss.
Furthermore, it causes the observed IF ripples seen in Fig. 4.
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Twodimensionally distributed Model for HEB based on
Random Phase Transitions

Harald F. Merkel, Biddut K. Banik, Vladimir Drakinskiya
aChalmers University of Technology

ABSTRACT
According to AFM measurements, ultrathin NbN films are not smooth but exhibit a more or less random
distribution of microcrystallites. This gives rise to a superconducting to normal conducting phase transition that
follows a first order percolation phase transition. Such a phase transition is easily described by a single critical
exponent justifying the assumption of a simple, local 11,(T) curve used in all distributed HEB models.

Keywords: percolation phase transition, hot electron bolometer, mixing theory, mixing

1. INTRODUCTION
HEB age as a function of film thickness. Due to the random nature of the sputtering process, NbN is deposited
in a random manner (c.f. Fig. I).

Exposing this film to aggressive reactants will remove atom for atom of the film. Keeping in mind, that only
close stochiometric NhN- - 0.92...1.08 will exhibit superconductivity at elevated temperatures, it becomes clear that
any replacement of NbN by Nb0 locally will change the properties of the NbN film. Any attack will be associated
with a reduction of the conduction properties of the film and lead to an increase of the resistivity of the film.
For very thin films (as in the case for heterodyne receiver devices with a thickness of merely 3.5p,m..5.5ttm) any
individual attack will cause substantial deviations of the conduction pattern. In this paper we will first refer
to a model for the random attack of a random thick conducting structure. One arrives at a resistance versus
attack curve essentially describing the aging process of a HEB device. This curve is not sufficient to describe
the superconducting properties of the film. So therefore the superconducting and super-to-normal conducting
properties of the attacked NbN structure are taken into account to calculate the Ii,(T) curve for a specific at tack
state.

It becomes obvious that the critical current of the film scales differently on the conductivity reduction due to
oxididization than the room temperature conductivity. Therefore a local critical current and critical temperature

Chalmers University of Technology, MC2. Kemigárden 9 , SE 412 96 GOteborg, Sweden

Figure 1. Atomic Force Microscopic cross section of a NbN film used for TIEB production The inset shows the height
curve along the line A Ain the 2D plot.
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distribution is calculated and the two-dimensional current distribution is obtained in a way similar to a Bean
model for the superconductor. Superconductivity breaks down as soon as the local distribution of the given bias
current exceeds the maximum available critical current density along the most current bearing link in between
the antennas. The so-obtained R(T) curve still does not account for local heating phenomena. In a third step the
two-dimensional resistance structure is used to calculate a two dimensional temperature distribution by taking
the local LO and bias heating powers into account. From this a nonequilibrium resistive transition is obtained
that is inherently different from the equilibrium (non-heated) transition used in the R(T) curve. Based on the
noneq-uilibrium heating properties, IV curves are calculated. In a fourth step, these nonequilibriuni heating c-urves
are rised in a small signal model: The small signal niodel describes the current and power distribution in the EIEB
as a function of a (dominant) heating and a (small) beating term a the intermediate frequency. There local hot
spots are generated wherever the local heating power density is sufficient to exceed the critical temperature at
the (self (onsistently) obtained local critical current density. Classical expressions as conversion gain, quantum
noise, thermal fluctuation noise and thermal noise earl be derived from the small siglial model. Nevertheless,
I he journey is not finished here: Creating hot spots in this random structure occurs almost instantaneously (at
tile time required to expel the magnetic fields from a previously superconducting area). The hot spot rnodel
here is no longer limited to a single normal conducting area 'mit normal conducting random islands are created
in regions where the heating conclitions fbr local superconducting breakdown are fulfilled. Having created a hot
spot, the delivered heating power is used nnich more efficieritly than in the superconducting case due to local
Andreev reflection boundaries. Therefore the film will exhibit local hysteresis (clearly seeil in underpum)ed IV
curves on HEB). Ti acldition this hysteretic behavior explains part of the 1/f noise seen in 11E13 receivers. Small
spontaTieous fluctuatioris create an isolated hot spot that then takes arbitrarily long time to decay.

2. LUMPED CIRCUIT EQUIVALENT OF A NBN FILM

The HEB and its adjacent antenna pads are discretized using resistors in a 2D cartesian mesh. The local
conductivity averaged over a discretization area is directly translated in a resistance value for this discrete
element. For the antenna pads, the resistance of the film plus the Au cover resistance is taken into account. For
the HEB film, the resistivity depends on the number of intact NbN molecules per area element. Discretizing the
number of available NbN molecular layers, one ends up with a two dimensional resistance mesh containing all
local properties of the element. Therefore, for each node point [i :  on the mesh, one has to solve Kirchhoff's
law requiring the continuity of currents:

Isource,i,i = IY,i,j-1 IX,i-1 (1)

There Isour„ ,i,i is the current injected at the node [i, j] (mostly zero expect at the outer terminals), Igrmind,i,i
is a current flowing from the node directly to ground (set zero here) and Ix (/y)denotes the current in X(Y)
coordinate direction through the resistor "to the right of' (respectively "above") the node. The resistors are
grouped in Rx (Ry) being "horizontally" ("vertically") oriented and the indices i (j) runs in X(Y) coordinate
direction (c.f. 2). In this part of the analysis = O.

Relating the potentials of the neighboring nodes, one has to set up Ohm's Law for all resistors in the net
allowing to eliminate the unknown currents from the above Equation system. One arrives in a linear set of
Equations with the nodal potentials cb i,j as unknown variables.

= YX,i,j • (0i,3 0i+1,j)

= YY,i,j • (0i,j+1 

= YG,i,i •

This complete lumped element equivalent has no unique solution. It is nevertheless uniquely specified up to
an arbitrary additive constant to all potentials. Therefore setting one arbitrary potential to zero, there is always
exactly an unique solution (supposed the resistors are nonzero and finite).
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Figure 2. Lumped Element Mesh used to model the HEB circuit.

3. HEB AGING AS A RANDOM DESTRUCTION PROCESS

Aging is modeled starting with a film with a given thickness distribution: One sets all pad resistors to their
(constant) values and the conductors on the NbN film are obtained using

n[1, i, j] ,
Yx,i,i = No • I OX,i,j (5)

n[2,i.j]
= No

where the "zero values" Yo ... are taken from sheet resistance measurements. Assuming a certain number
of atomic layers to he present in the film (e.g. N = 5 for a 3521 thick film), the initial state matrix is set
n[..., i, j] = N. Now random coordinates are calculated and to each random coordinate pair, the amount of
intact layers is reduced by 1 until 0 is reached. During this Monte-Carlo like process ( 1 ), the currents and
voltages through the HEB structure can be calculated at any aging state. Instead of a time axis the number
of successful oxidizing attacks is used. Obviously, providing water free environments and applying protection
layers on the film will affect the scaling law relating the absolute number of attacks to the number of attacks per
time unit and provides therefore a time axis in "storage time under given conditions" to the aging analysis. The
scaling law to be used contains the temperature and moisture of the environment in the easiest possible way and
models the applied protection layers simply as linear reduction factors of the oxidization attacks. One arrives at
a relation where a 0.11n2 1--, according to the thermodynamics of a binary process, a fit parameter 11 1.2
and the values for the protection layers are found in Table 1

#attacks
= ------ 0 • rprotection • CH20 e (7)

time

From aging experiments comparing a set of protection layer technologies with each other, one finds delay
factors summarized in the following Table 1.

Typical developments of the resistance versus number of attacks are shown in Figure 3. It is necessary to
repeat the Monte Carlo process several times to arrive at a statistically relevant base for the development of the
resistance with time. It is obvious, that this statistic nature of aging is also reflected in a spread in the measured
resistance values in aging experiments. The following data refers therefore to mean values obtained by running
a vast number of independent Monte Carlo simulations on the same geometry.

YOY, (6)
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Table 1. Protection factors for a set of protection layer technologies

Protection Layer r [1] Comments

Photoresist 1.00 Reference case

Si02 1.90

Si 3.1

Si+ Si 4 Worst Case

Si + Si 11 10 devices

Si02 + SiN 13

Atiack events [1]

Figure 3. Average room temperature resistance as a function of successful attacks for 100 individual random model runs.

4. A TWO DIMENSIONAL HEATING MODEL

Using a similar approach to model the RF performance of the HEB, we note that. the HEB chip is electrically
small compared to a THz wavelength. Therefore the purely resistive electrical equivalent described in the above
is still valid.

Knowing the evolution of the room temperature resistance, it is a straightforard extension to include super-
conducting effects in the model: One assigns a critical temperature and a critical current density to the film that
is at first hand linear in the amount of still available molecular layers. Then the local resistance is either zero
(when neither critical current and critical temperature are exceeded locally) or it is a normal resistor with the
value given by the remaining thickness.

Obviously we have to calculate the temperature in each resistor of the equivalent lumped element circuit. For
the first point, we know the current and voltages in each node and in each resistor allowing us directly to calculate
the dc heating power locally. In addition, we know the absorbed THz signal power (being either uniformly in
space or restricted to the normal conducting areas when not exceeding the quasiparticle bandgap). The only
missing link is to relate the electron temperature in the resistor to the applied heating powers. Discretizing the
heat balance equation ( 2 ) in two dimensions one arrives at a thermal equivalent mesh - the thermal resistors "to
ground" contain the phonon cooling process and the resist ors linking the neighboring sections of the film contain.
the diffusion cooling process.For the phonon cooling one obtains:

(To il _4_ PLO ) p (T PLO ) —2+ (Toil PLO ) —2+1

cr

0 +
—1+1-

T(P) = YO ±Yphonon* P±. - • = (TOP
' a

ft 2 0-2 2,aa2

(8)
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Figure 4. R(T) Curve for the TERASEC mixer chip (pixels 17 and 15 selected)

Please keep in mind that the node indices [i, j] are indices referring to each resistor and are related to the voltage
node indices by {i,3] = [i j] for a horizontal (X) thermal resistor and 3] = [i, 1-] for a vertical (Y)
thermal resistor. Now the heat flow from and to each node O ... are related to the electron temperature T by

X = Ithe? mal,X (T) • (T,3 (9)

Ytherrnat,Y.7- ,3(T) (Ti,3+1 — 71,3 (10)

1,1) ground:ij = Yphononj,3(T) (73i,3) (11)

Using this equivalent, the temperature distribution in the HEB is obtained by solving the above linear
equation system.

For each temperature calculation we have to run a set of steps: 1: calculate the random reduced amount of
superconducting layers for the given HEB assuming a electron temperature to be equal to the bath temperature
(e.g. 4.2K) to all resistors, 2: Find out, which resistors are superconducting and which resistors are normal con-
ductors by comparing temperature and currents with the critical temperature and critical currents. 3: Calculate
the voltages and currents on this structure. 4: Calculate the DC and LO powers present in each resistor in
the structure. 5: Calculate the electron temperature distribution on the "dual grid". 6: Return to point 2 and
repeat the loop until a fixed point is reached.

Performing this process. R(T)- curves (c.f. Fig 4 )are readily obtained by setting a very low measurement
current (e.g. lp,A ) and varying the bath temperature within the desired area.

Specifying a set of bath temperatures, IV curves are shown in Fig. 5.

5. A SMALL SIGNAL MODEL FOR HEB
For a small signal equivalent, the electric model is largely unchanged with the exception of a modified bias
circuitry coupling the current sources to an inductor and coupling a 50Q load (the IF amplifier) to the bias
supply using a dc block capacitor. All this is easily accomplished within the 2D lumped element approach
described below.

A more fundamental difference is found in the thermal equivalent. For the thermal equivalent, we have to
take into account that the phonon cooling to the substrate is a reaction speed limiting bottleneck. Therefore the
conductor to ground Yphonon3 takes the form of a first order low pass RC circuit.

1

+ Yphonon ( 
t plo , (TOP + PLO  

T .3 = t o • P =- To +i 
7 + P a 

i , .
(T I P (12)

i -I- i • TphononW I F

From the power dissipated in the load resistor, the conversion gain of the HEB is readily obtained.
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10 15
VoItace ImV

Figure 5. IV Curve for the TERASEC mixer chip (pixels 15 and 17 selected) at 4K, 6K and 8K measured and calculated
using LO powers from OnW to 1500nW

6. 1/F NOISE AND SWITCHING BEHAVIOR IN HEB
For low heating powers, one observes that the conversion gain diverges. This is caused by instability of the HEB
and to the failure of any small signal equivalent there. It is found by performing the iterative solution steps
from Section 4, that for low LO powers, the obtained point on the IV curve does not converge to a single value
but "jumps" between a set of values in a more or less periodic manner. This instability is caused by the fact
that a newly formed hot spot (in one iteration) can be easily bypassed as long as there is still a more conductive
superconducting link on the device eventually removing heating power from the normal conductor. In the next
iteration step, the region is again superconducting and the process starts anew. The real time dependence of
this process is determined by the inductive load on the bias supply and on cable lengths and cable position in
the cryostat. Frequencies between 30kHz and 2MHz have been observed experimentally by moving one and the
same device between two measurement setups. The switching regime begins as soon as the first resistor in the
HEB sees superconductivity suppressed. This switching regime ends upon more pumping or more heating when
the heating power loss in the normal conducting areas (due to bypassing) is equalled by the more efficient usage
of heating power (due to the upcoming Andreev barrier around the hot spot). For hard pumping, the possibility
and efficiency of bypassing shrinks (due to an overall warming of the HEB) therefore reducing the instable area
and there is a pumping level where instability is suppressed completely.

REFERENCES
1. N. Metropolis and S. Ulam, "The monte carlo method," J. Am. Std. Ass. 44 (247), pp. 335-341, 1949.
2. H. Merkel, "A hot spot model for hot electron bolometer mixers," Proceedings of the 16.th International
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Terahertz quantum-cascade lasers as local oscillators

Qing Hu
Massachusetts Institute of Technology, Cambridge MA 02139

The main challenge for the space THz program is solid-state local oscillators that can
meet space qualifications in terms of output power levels and power efficiencies.
Semiconductor electronic devices (such as frequency multipliers) are limited by the
conversion efficiency and RC roll-off to below 2 THz. Conventional semiconductor photonic
devices (such as bipolar laser diodes) are limited to above 10 THz even using small-gap lead-
salt materials. Transitions between subbands in semiconductor quantum wells were
suggested as a method to generate long wavelength radiation at customizable frequencies.
The recently developed quantum-cascade lasers (QCL) at THz hold great promise to bridge
the so-called "THz gap" between conventional electronic and photonic devices, especially for
local-oscillator applications. Based on two novel features, namely resonant-phonon-assisted
depopulation (Fig. 1(a)) and metal-metal waveguides for mode confinement, we have
developed many THz QCLs with record performance. They include by not limited to: a
maximum pulsed operating temperature of 164 K (Fig. 1(b)), a maximum cw operating
temperature of 117 K (Fig. 1(c)), and the longest wavelength (-160 gm, 1.9 THz) QCL to
date without the assistance of magnetic fields (Fig. 1(d)), and more than 100 mW of cw
power. Our collaborators have demonstrated the use of QCL as a local oscillator at 2.8 THz,
and have achieved frequency/phase locking at —3 THz. We will present more details and
perspective at the symposium.
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Phase-locking and Linewidths of a Two-color THz
Quantum Cascade Laser
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*Kavli Institute of NanoScience, Delft University of Technology, Delft, The Netherlands
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Abstract— We report the phase stabilization and spectral
linewidth of a 2.7 THz quantum cascade laser by heterodyning
its two nearby lateral mode lasing lines using a superconducting
NbN bolometer mixer. The beat signal at about 8 GHz is
compared with a microwave reference by applying a conventional
phase lock loop circuitry with a feedback to the laser bias current.
Phase locking has been for the first time demonstrated, resulting
in an extremely narrow beat linewidth of less than 10 Hz (limited
by the resolution bandwidth of the spectrum analyzer). Moreover,
our result demonstrates the feasibility of phase-lock of the THz
signal itself. Under frequency-stabilization conditions we are able
to study the emission spectrum of a THz QCL in a systematic
way, which previously was impossible. We find that the line profile
is virtually Lorentzian with a long-term minimum linewidth
of the THz modes of about 6.3 kHz. Temperature dependent
measurements suggest that this linewidth does not approach the
Schawlow-Townes limit.

I. INTRODUCTION

Significant progress has made quantum cascade lasers]
(QCLs) promising coherent solid-state THz sources for var-
ious applications in spectroscopy, sensing, and imaging. As
demonstrated at several frequencies, a THz QCL can be used
as a local oscillator (LO) for a heterodyne receiver [2], [3]
which is a crucial instrument for astronomical and atmospheric
high-resolution spectroscopy. For those applications a narrow
emission linewidth of a QCL under frequency stabilization is
essential. In the case of a heterodyne space interferometer [4],
phase locking to an external reference is also required. Ideally,
phase locking of the THz QCL would take place with respect
to a harmonic of a microwave reference signal; however it has
not yet been demonstrated.

Recent work has demonstrated frequency locking of a QCL
to a far-infrared (FIR) gas laser line at 3.105 THz [6]. This
same work demonstrated a lasing linewidth of 65 kHz, which
could be maintained indefinitely as a result of the frequency
stabilization. The linewidths of QCLs that were reported
earlier than ref. [6] could be measured only for a short sweep
time of —3 ms. They were measured using a room-temperature
Schottky-diode to mix signals from a THz QCL and a FIR
gas laser [7], two THz QCLs [8] or two longitudinal emission
modes of a single QCL [3]. Linewidths as small as 20 kHz
were observed [8]. When averaged for a longer time period

however, the linewidths in those experiments could exceed
10 MHz due to fluctuations of temperature and bias current,
which affect the refractive index of the laser gain medium.

Here we report the first demonstration of phase locking of
the beat signal of a two lateral-mode THz QCL to a microwave
reference. Under frequency stabilization conditions, we are
able to study the emission spectrum of the THz QCL as a
function of the laser power, in order to investigate the nature
of the limit to its linewidth.

II. QCL DESIGN

We use a THz QCL based on the resonant phonon de-
sign [9] also shown in figure 1. The active region contains
176 GaAs/A10.15Ga0.85As quantum-well modules, with a total
thickness of 10 pm. The cavity of the QCL is a double-sided
metal waveguide, which is 40 im-wide and 1 mm long In
order to facilitate the experiment described in this article,
we selected a laser with two closely spaced lasing modes.
When operated in a CW mode at a heat-sink temperature of
below 15 K, the emission spectrum measured by a Fourier-
transform spectrometer (FTS) shows two lines at 2.742 THz
and 2.749 THz, respectively. They correspond to two different
order lateral modes of the cavity that are lasing with unequal
intensities, but with a total maximum lasing output power
of roughly 1 mW/facet. Their intensities and frequencies
depend on the bias current of the QCL and the heat-sink
temperature. Frequency tuning via the current bias is expected
to be almost completely due to thermal effects as a result of
ohmic heating. Because both modes have large confinement
factors with the active region (close to unity), they should
largely experience the same thermal environment. However,
each lateral mode has a slightly different modal overlap since
higher-order modes will extend further into free space and
will have lower effective refractive indices ?Jeff . As a result,
rieff of each mode will have a different dependence on the
refractive index of the active region. Hence each mode will
have a different temperature or current dependence, which is
the basis why the beat of the QCL should behave as a current
controlled oscillator.
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Fig. 2. Schematic diagram of the experimental setup to phase lock the beat signal of a two-mode THz QCL. Additional attep.uators in the warm IF amplifier
chain are not shown.
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Fig. 1. FTS spectrum of two moded QCL (to the left) and layout of QCL chip (to the right).

III. EXPERIMENTAL SET-UP

To obtain the beat signal of the QCL, we use a spiral antenna
coupled NbN hot electron bolometer (HEB) mixer, which
is similar to those described in Ref. [5]. It works at liquid
helium (L He) temperature and requires less than 300 nW LO
power. Although the 3-dB intermediate frequency (IF) noise
bandwidth of the mixer is only about 6 GHz, its sensitivity
at the beat frequency (8 GHz) of the present experiment
is still much better than that of Schottky mixers. Figure 2
shows a schematic diagram of our measurement setup. The
QCL is mounted in a L-He flow cryostat, while the HEB mixer
is mounted in a separate vacuum-cryostat. The output beam

of the QCL is focused onto the quasi-optically coupled HEB
mixer. The IF (beat) output is first amplified by a cryogenic
MMIC IF amplifier of 0.1-12 GHz, then by a room temperature
amplifier. Finally it is fed into an LIP 575 source-locking
microwave counter. The phase error correction voltage of this
counter is fed back into the DC bias-current circuit of the
QCL through a variable feedback resistor. To monitor the
IF spectrum, a fraction of the beat signal is coupled into
a spectrum analyzer. Both spectrum analyzer and EIP 575
are phase locked to the same microwave frequency reference
signal. The maximum loop bandvvidth allowed by the LIP
575 counter is 10 kHz. This bandwidth can be reduced by
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decreasing the phase locking loop (PLL) gain by adjusting
the variable feedback resistor.

The DC bias current circuit of the QCL consists of a
car battery (to reduce fluctuations) and a variable resistor to
change the bias current. Typical operating conditions are: DC
bias voltage of 12.9 V. a current of 0.28 A and a heat-sink
temperature of 7 K. The latter can be varied through a heater.
We create a phase-lock condition by using the PLL with a high
loop gain that gives the maximum regulation bandwidth of
10 kHz. The PLL, which is to reproduce the reference signal,
rejects all amplitude modulation noise and all other noise that
is separated sufficiently in frequency from the signal. It acts
like a filter to track the reference signal frequency. Ideally, the
spectrum of the beat signal will be the clean-up version of the
reference spectrum.

IV. MEASUREMENT RESULTS AND DISCUSSION

Figure 3 shows a typical set of power spectra of the
beat signal recorded by the spectrum analyzer using different
resolution bandwidths (RBW) and spans. Both the temperature
and the DC bias current are fixed. As indicated in the figure,
the linewidth appears to decrease as the RBW of the spectrum
analyzer is reduced. Apparently the linewidth is smaller than
the instrumental RBW of 10 Hz, which is the minimum
RBW of the spectrum analyzer. The data demonstrate that
for an offset from the center frequency less than the PLL
regulation bandwidth most of the signal power is located in a
central peak of narrow bandwidth. This is a clear indication
of phase locking. The recorded spectra resemble very much
those found typically in a phase-locked Josephson flux flow
oscillator [10]. The spectra are reproducible and stable for
an arbitrarily long time. Experimentally, we can show that
the QCL behaves as a current controlled oscillator, which
is the key to enable phase locking. As shown in the inset
of figure 3, the beat frequency decreases monotonically with
increasing bias current for a given heat-sink temperature, e.g.,
from 7.9 to 7.5 GHz with the rate of roughly 10 MHz/mA.
This means that phase locking conditions can be realized for
the entire bias range above the lasing threshold, and moreover
that stabilization of the beat frequency implies stabilization
of the THz frequencies of both lasing modes. The second
part of our study involves the measurement of the laser
line profile and linewidth under frequency stabilization only.
Starting from phase locking conditions we now reduce the
loop gain such that the central frequency of the beat remains
stable but the line shape is no longer influenced by the phase
locking [10]. This is essentially a frequency-locking scheme
of the two lasing modes. Under this frequency-stabilization,
we are able to measure the power spectrum of the beat signal
of the QCL in a controlled way (reproducible and stable for
an arbitrarily long time), e.g. as a function of the heat-sink
temperature. Figure 4 shows a measured beat signal with the
minimum linewidth observed in this experiment [11], fitted
with a Lorentzian curve. The fit shows the spectrum to be
predominantly Lorentzian, as expected if the noise is due to
spontaneous emission [12]. In some other cases, we find that a

Fig. 3. The power spectra of the beat signal of two lateral-mode THz
QCL that is phase locked to a microwave reference recorded by the spectrum
analyser with different resolution bandwidths (RBW) and spans, but a fixed
video bandwidth (VBW) of 30 Hz. Other lines appeared in (c) are due to the
pick-up of 50 Hz power-line signals. The 3-dB linewidth of each spectrum is
also indicated. The inset in (a) shows the beat frequency as a function of the
bias-current of the QCL at a heat-sink temperature of 7 K.

Voigt function gives a better fit than the Lorentzian, suggesting
the coexistence of other noise sources, e.g. 1/f noise [13]
and interference from pick-up noise. The minimum (FWHM)
linewidth is found to be 12.6 kHz. Since this beat signal results
from a convolution of two similar lines and assuming that their
profiles are both Lorentzian, the lower limit of the linewidth
of an individual emission line should be 6.3 kHz. This is the
narrowest linewidth ever reported in THz QCLs and is much
smaller than what required for astronomical (<0.1 MHz) and
atmospheric (<1 MHz) observations.

The linewidth of any lasers is limited by quantum noise
through spontaneous emission. Since intersubband lasers are
not expected to have significant linewidth enhancement fac-
tors [14], the linewidth in our case is expected to follow the
Schawlow-Townes limit [12]

AVST 
A1+ N2

Here N1 2 are the populations in the upper and lower

N2 7rhv(Av„)2
(1)
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independent of heat-sink temperature up to 12 K (the internal
lattice temperature is likely higher), beyond which a sharp

Points: exp. data
li ne: Lorentzian fit
FWHM Linewidth:12.6 kHz

RBVV:10 KHz

0.8 -

c)

increase is seen. Clearly the linewidth does not follow Eq. 1
in the operating range of high-power (low device temperature),
and consequently it does not approach the quantum-noise limit.

.0, 0.4-
a,

V. CONCLUSION

7.72410

Fig. 4. Measured power spectrum of the beat signal under frequency
stabilization (data points) [11]. A similar spectrum was obtained with a
reduced resolution bandwidth (RBW). The curve is a fit with a Lorentzian
profile.

Temperature (K)

Fig. 5. Linewidth of the beat signal as a function of the heat-sink temperature
of the QCL. The inset shows emission spectra of the two-mode QCL taken at
several temperatures. For clarity an offset in the intensity for each spectrum
is introduced.

laser states; Ave is the cold cavity linewidth that equals
avg /27r with the group velocity vg and the total loss co of the
waveguide and mirror losses a = cl„„ ± am ; P is the internal
power in the mode relating to Potit by Pont = amP/a.
We assume Eq. 1 to be valid for each of the two emission
lines. Using the following parameters: N2 /(N2 - Ni ) -1.3,
a„, cm-1 at 2.7 THz, am =2.2 cm-1 , and P„„ t l mW,
we derive a Schawlow-Townes linewidth AvsT -= 0.7 kHz,
which is -9 times smaller than the measured linewidth. In
view of large uncertainties in the input parameters, this result
alone is not conclusive.

Eq. 1 suggests that the linewidth should be inversely pro-
portional to the laser power. To test this, we have studied
the linewidth of the beat signal as a function of heat-sink
temperature, which influences the laser power for a fixed
bias current. The results are shown in figure 5. We notice
that, despite that the intensity (considered to be equivalent
to the power) of both emission lines decreases monotonically
(see the inset of figure 5), the linewidth remains essentially

In summary, we have succeeded in phase locking of two
lateral modes of a 2.7 THz QCL, demonstrating the feasibility
of phase-locking of the THz laser to an external reference.
Under frequency-stabilization conditions we have been able
to study the intrinsic lineshape and linewidth of the QCL in
a controllable manner and found the narrowest linewidth of
6.3 kHz.
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Photonic mm-Wave Local Oscillator

Robert Kimberk, Todd Hunter, C.-Y. Edward Tong, and Raymond Blundell

Abstract—A photonic millimeter wave local oscillator
capable of producing two microwatts of radiated power at 224
GHz has been developed. The device was tested in one antenna
of Smithsonian Institution's Submillimeter Array and was
found to produce stable phase on multiple baselines. Graphical
data is presented of correlator output phase and amplitude
stability. A description of the system is given in both open and
closed loop modes. A model is given which is used to predict
the operational behavior. A novel method is presented to
determine the safe operating point of the automated system.

Index Terms—interferometer, photomixer, phase
modulation, phase locked loop, frequency multiplication,
millimeter waves.

I. INTRODUCTION

A photonic local oscillator has been developed and used
to pump a SIS mixer at 224 GHz. The local oscillator was
installed in one antenna of the Submillimeter Array [1]. A
single dish scan of Saturn was performed on February 24
2006. Observations of an ultra compact HII region and three
quasars successfully produced stable fringes and amplitudes
on a five element array. The test was performed on the
evening of April 26 2006 UTC and the following day.

The configuration of the photonic lo not phase locked to
an external reference signal (open loop) is shown in figure
1. The optical path consists of a single 1550 nm diode laser,

diode
laser

YIG

part of the am signal above the WR3 horn lower cutoff
frequency. Figure 1 is a schematic of the open loop system.

II. THE OUTPUT SPECTRUM

The voltage output of the photomixer,V, can be described
by the following expression:

V = 1+ J ii(2aKp) cos((moc / con, ) + moint) (1)

where n ranges from plus to minus infinity, V is the
amplitude of the output signal, (o c is the optical angular
frequency before modulation, and (i)„, is the modulation
angular frequency. Jn(2aKp) is the Bessel function of the
first kind with 2a1( as the argument. The quantity, al( p, the
peak phase deviation of wc , is the product of the amplitude
of the modulation signal ,a, in volts and the optical phase
modulator response, Kin radians I volt.
An examination of expression (1) shows that

a) The photomixer output contains harmonics of the
modulation frequency (om.

b) Given J, = - ln
Jn and cos(0) = cos(-0), when nco c / win is

an even multiple of n/2, odd harmonics cancel and only
even harmonics appear at one output of the MZI. The other
output of the MZI has the odd harmonics due to the extra IT

phase shift at wc.

c) Given cos(0 1-7c/2) = —cos(-0 +502), when nwc / wm is an
odd multiple of z/2 then the even harmonics cancel and only
odd harmonics appear at the output.

radiated
mm wave

fig. I open loop system

d) When awe / (0m meet the conditions of b) or c) the
amplitudes of the harmonics are determined by 2aK p .
Increasing the power into the optical phase modulator RF
port will increase the number of harmonics.

a lithium niobate optical phase modulator, a Mach Zehnder
interferometer and a photomixer whose output is connected
to a horn antenna. The photomixer was obtained from P.G.
Huggard and B.N. Ellison of Rutherford Appleton Labs [2]
in November of 2003. All optical devices and connections
are polarization maintaining. The electrical path consists of
a YIG synthesizer, a frequency doubler, and a power
amplifier connected to the RF port of the phase modulator.
The light from the laser is phase modulated at twice the YIG
frequency, then converted to an amplitude modulated signal
by the Mach Zehnder interferometer (MZI). The photomixer
responds to the amplitude modulated signal and radiates that

Manuscript received May 10, 2006.
R. Kimberk, T. Hunter, C.-Y. E. Tong and R. Blundell are with the

Harvard-Smithsonian Center for Astrophysics, 60 Garden St, Cambridge,
MA 02138 USA. (e-mail: etont cfa.harvard.edu , and
rb lundell@c fa. harvard. edu ).

e) For values of awc / wm that do not meet the conditions of
b) or c) both odd and even harmonics exist at both MZI
outputs.

The frequency of the laser, wc , is controlled by the laser
temperature. The laser used, JDS CQF935/808, has a
wavelength temperature tunability of about 0.1 nm / °C,
equivalent to about 7.85 * 10 1 ° rad /sec / °C at 1550 nm.
Figure 4 shows the measured power of a selected harmonic
as the laser temperature is varied. Note that the power
output completes a cycle in about 3° C. This corresponds to
about 23.55 * 10 11 rad / sec, about wm . Note also that the
maximum output power of the harmonic occurs at the
middle value of photomixer bias current.

Expression 1 assumes a photomixer with a flat response
over the output frequency. To estimate the true output power
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the results of expression 1 need to be multiplied by the
photomixer's frequency response.

We normally tune the laser temperature so that the two
outputs of the MZI are purely even and odd harmonics of
the modulation frequency. The two advantages of this mode
are that the frequency separation of harmonics is greatest

Fig. 2. output as difference of phase modulated
laser and delayed phase modulated laser

(two times the modulation frequency), and the power is
maximized for any harmonic.

Figure 2 shows the instantaneous angular frequency [3]
(d0/dt , where 0 = phase) at key points along the signal path.
Instantaneous frequency is a useful concept when dealing
with frequency or phase modulation. The MZI splits the
incoming power, phase shifts one component, then sums the
two components. The greatest frequency multiplication
occurs when the modulation frequency is equal to one half
of the free spectral range (FSR) of the MZI. This condition
adds a TE radian phase delay at the modulation frequency.
The instantaneous difference frequency then becomes:
2aKp Wm sin(comt)

= + aKp tom sin(wmt) —( wc + aKpWm sin(co int +Jr))

= we + aKp win sin(comt) — ( w - aKp (Dm sin(comt )).

Fig.4 laser temperature vs single tone power
and photomixer bias current

The resulting instantaneous frequency, 2aKp win sin(wmt),
describes a sinusoidal chirp. The maximum frequency of the
chirp is equal to twice the product of the peak phase
deviation, 2aKp, and the modulation frequency, w m• As the
modulation frequency is moved away from FSR/2 the
maximum instantaneous frequency of the output is reduced.

HI. CLOSED LOOP SYSTEM

In order to operate a radio interferometer, the local
oscillators of all the receivers must be phase locked to a
common reference tone. The closed loop configuration of
the photonic local oscillator, where the phase of the mm
wave output is locked to a reference frequency, is shown in
figure 3. A second photomixer is connected to the unused
MZI output. The output of the added photomixer is
connected to a harmonic mixer, which in turn is connected
to the IF port of the phase locked loop (PLL) through a
frequency diplexer and IF amplifier. The PLL control output
is connected to the YIG fine tune input, and controls the
YIG output phase. In this way the YIG is locked to a down
converted 112GHz, the third multiple of (An . The multiples
of the modulation frequency, wm, are all related with respect
to phase. Locking to any multiple stabilizes the phase of all
the other multiples. Not shown in figure 3, is the 6 to 8 GHz
lo pumping the harmonic mixer, the 109 MHz reference
connected to the PLL, and the coarse tuning signal to the
YIG .

Iv. OPEN LOOP PHASE NOISE AND STABILITY

The open loop phase drift of the system was tested by
power splitting the output of a microwave synthesizer,
modulating our system with one of the two identical outputs
and using the other output to pump a conventional multiplier
chain. The synthesizer's output frequency was 12.5 GHz
and the final frequency in both legs was 75 GHz. The
outputs of both the photonic and conventional multipliers
were down converted using mixers with a common local
oscillator and the phase was compared with a vector
voltmeter. Differential phase drifts of 5 degrees / hr were
observed. The phase drift tracked the room temperature

diode phase photo
laser modulator MZI mixer

horn

224 GHz
photo
mixer

YIG

harmonic
radiated

mixer mm-wave

phase lock loop 	 diplexer

fig. 3 closed loop system

change. The differing lengths and temperature coefficients
of coaxial cable and optical fiber involved in this test might
explain the observed phase drifts. One degree at 75GHz is
equal to about 7.41im in quartz fiber.

The phase noise of the output of the photonic local
oscillator is dominated by the multiplied phase noise of the
modulation source. We expect the system to act like a
classical multiplier, the output phase noise will be the phase
noise of modulation source plus 20 log M. M is equal to the
ratio output frequency / input frequency.

The open loop phase noise of a heterodyne two laser local
oscillator is similar to the phase noise of two lasers. In
contrast the contribution of the single laser phase noise to
the open loop phase noise of our system is determined by
phase noise of the laser times ( T / Tc )2 ,where Tc is the
coherence time of the laser and x is the path delay of the
MZI. The value of ( T / Tc )2 is very small for a MZI with a
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free spectral range of 75 GHz (a delay of 1.3*10 -11 ) and a
laser coherence time of 10-6s.

V. ASTRONOMICAL OBSERVATIONS

The photonic local oscillator was installed in antenna 6 of
the Submillimeter Array on Mauna Kea, Hawaii, and tuned
to 224 Gllz. An observation of the quasar 3C273 was
obtained on the evening of April 26 2006 UTC. The output
of the correlator yielded stable phase and amplitudes for
each of the baselines
with the seven operating antennas. The next day
observations of the ultra compact region
G138.295+1.555 [4], the quasar 3C84, and the quasar
3C454.3 were obtained with a five element array. Figure 5
shows the phase (dots) and amplitude (gray trace) of each
baseline at the correlator output. Baselines that include
antenna 6 do not show a greater scatter of values than
baselines that do not include antenna 6.
Baseline lengths range from 16 m at the top to 69 m at the
bottom of figure 5. Line spectra of 13CO2-1 and 12CO2-1
were observed in the source G138.295+1.555. The 232.4
GHz beacon attached to the Subaru building was observed
as shown in figure 6. Figure 7 is a graph of the 12CO2-1
line from G138.295+1.555 at the correlator ouput.

Fig.5 phase and amplitude at correlator output. The
sources are 3C454.3, G138.295+1.555, and 3C84

VI. AUTOMATION

The photomixer bias current limit is 5mA, above which
the photomixer will be damaged. The bias current is a
function of laser power and temperature as well as
modulation frequency. This fact makes it necessary to find
a path through the various combinations of the variables that
does not destroy the photomixer. To explore the effect of
temperature on the modulated output power, we biased the
laser with 60 milliamps of current (about 1/8 the normal
operational current) and measured the photodiode current as
a function of laser temperature at several modulation
frequencies. As seen in Figure 4, we find a sinusoidal
behavior of photodiode current with respect to laser

Beacon observed with the Photonic LO tuned to 227.20 GHz

—85

5.198 5.2
IF

Fig.6 Beacon on Subaru Building observed from
SMA antenna 6

temperature. Although the amplitude of the sinusoid
depends on modulation frequency, we discovered that there
exist "fixed point" temperatures where the photodiode
current is independent of modulation frequency.
We next locked the photonic LO using a W-band harmonic
mixer and a digital PLL. We measured the power of the
locked signal at the PLL IF monitor port as a function of
laser temperature. Figure 4 shows that the IF power is at
maximum when the laser is operated at the fixed point
temperatures.
To optimize the IF power, we can use the following
algorithm. Change the modulation frequency by some
significant amount (1 GHz) and observe the change in the
photomixer current. Adjust the laser temperature slightly
upward and change the modulation frequency back to the
initial value. If the photomixer current decreases, then
continue adjusting the laser temperature upward until the
photomixer remains constant with respect to the modulation
frequency. Conversely, if the photomixer current
increases, then adjust the laser temperature downward
instead.

VII. CONCLUSION

We have demonstrated that a photonic local oscillator can
be sufficiently phase and amplitude stable to be used as part
of a radio interferometer at mm wave lengths. We believe
that an increase in the frequency of modulation will allow
for greater output frequencies as well as greater separation
between the harmonics of the modulation frequency.
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Performance Improvements in Low-Noise
Oscillators and Power Combiners with

Harmonic-Mode InP Gunn Devices
Heribert Eisele, Senior Member, IEEE, and Ridha Kamona, Member, IEEE

Abstract- InP Gunn devices with graded doping profiles were
evaluated for second-harmonic power extraction above 260 GHz
and third-harmonic power extraction above 400 GHz. The best
devices generated radio frequency (RF) output power levels of
more than 3.5 mW at 275-300 GHz, 1.6 mW at 329 GHz, and 0.7
mW at 333 GHz. The highest observed second-harmonic fre-
quency was 345 GHz. Two devices each in an in-line power com-
bining circuit generated 6.1 rnW at 285 G-Hz and 2.7 mW at 316
GHz with combining efficiencies of more than 65%. In a third
harmonic mode, the best devices generated 45 pW at 409 GHz, 40
pW at 412 GHz, and 40 pW at 422 GHz.

I. INTRODUCTION

Fig. 1 were evaluated. These profiles were designed for effi-
cient operation in a second-harmonic mode at 240 GHz and
above [7]. Devices with diameters of 25-40 pm were selected
and mounted on diamond heat sinks. Except for some different
equipment and minor configuration changes [10], [11], the
same test setup and the same type of a full-height WR-6
waveguide cavity [5], [6] was used.

2 x 1018 cm-3 > 2 x 1018cm-3 > 2 X 10
18

 cm
-3
	>2 x 10" m-3

.0-- 1.15

2.9
X
 10" CM-3 3x1W6c1W4
121

(
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16
 CM-3 lx 10

16
 CITO

n+ n+ n+ 	n' n+

A
DVANCES in the performance of compact low-noise
fundamental sources at terahertz frequencies are expected

to have a far-reaching impact on many applications, such as
wideband wireless communications, imaging, and chemical or
biological sensing [1]. Transferred-electron devices, long
known as Gunn devices and widely utilized as low-noise
sources up to millimeter-wave frequencies, were originally
thought to be limited to frequencies below 200 GHz [2]. Accu-
rate device design tools [3], advanced fabrication technologies,
and appropriate thermal management [4] vastly improved the
performance of millimeter-wave InP Gunn devices and ex-
tended their operation in a second-harmonic mode to ./-band
(220-325 GHz) frequencies [5]-[7]. Power combining of os-
cillators is the method of choice to provide systems applica-
tions with higher radio frequency (RF) power levels and dif-
ferent techniques are widely known for oscillators at millime-
ter-wave frequencies [8]. The technique of a resonant-cavity
combiner was demonstrated with Si impact avalanche transit-
time (IMPATT) diodes up to 217 GHz [9] and this had so far
been the highest frequency where a combined continuous-
wave (CW) RF output power of more than 1 mW had been
reported. This paper describes the performance improvements
in second- and third-harmonic InP Gunn devices and the first
successful demonstration of power combining above 260 GHz.

II. DEVICE PERFORMANCE IN A SECOND-HARMONIC MODE

Devices with two similar graded doping profiles as shown in

H. Eisele is with the Institute of Microwaves and Photonics, School of
Electronic and Electrical Engineering, The University of Leeds, Leeds L52
9JT, United Kingdom (e-mail: h.eisele(ctleeds.ac.uk ).

R. Kamoua is with the Department of Electrical and Computer Engineer-
ing, Stony Brook University, Stony Brook, NY 11794-2350, USA (e-mail:
ridha@ece.sunvsb.edu).

(a) (b)

Fig. I . (a) and (b) Nominal doping profiles of InP Gunn devices evaluated for
second-harmonic power extraction.

Fig. 2 summarizes only the highest RF output power levels
of the tested devices. Examples are the RF output power (and
corresponding dc-to-RF conversion efficiency) of 4.8 inW
(0.31%) at 281.9 GHz, 3.7 mW (0.32%) at 297.1 GHz, 1.6
mW (0.19%) at 329.1 GHz, and 0.7 mW (0.07%) at 332.8
GHz from devices with the doping profile of Fig. 1(b). De-
vices with the doping profile of Fig. 1(a) tended to work better
at frequencies lower than those of devices with the profile of
Fig. 1(b) and the best performance was an RF output power of
3.9 mW at 274.75 GHz with a corresponding dc-to-RF conver-
sion efficiency of 0.24%. Conversely, the highest second-
harmonic frequency of 344.85 GHz was observed with a de-
vice of the profile of Fig. 1(b). An RF output power of more
than 0.1 mW was measured and the lack of a signal at
344.85/1.5 GHz confirmed operation in a second-harmonic
mode. Operating active-region temperatures of these second-
harmonic mode devices on diamond heat sinks were estimated
to be typically much below 150 °C, and, therefore, reliable
long-term operation is expected from these devices.

Although the differences in the doping profiles of Fig. 2 are
small, they are the main cause of the observed performance
differences. As described in Section IV, devices from both
doping profiles generate state-of-the-art RF output power lev-
els in a third-harmonic mode, which precludes major differ-
ences in contact and other series resistances. In addition, dif-
ferences in performance are also present in the results of de-
vice simulations [3] as shown in Fig. 3. Devices with the dop-
ing profile of Fig. 1(a) exhibit better performance at lower
frequencies and a steeper decline in RF output power levels
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above 260 GHz when compared with devices of the other dop-
ing profile.

Fig. 2. RF performance of In? Gunn devices on diamond heat sinks, operat-
ing in a second harmonic mode in the frequency range 270-350 GHz.
doping profile of Fig. 1(a); • : doping profile of Fig. 1(b); 0: power-
combined devices with doping profile of Fig. 1(b). Numbers next to the sym-
bols denote dc-to--RF conversion efficiencies in %.

Frequency [Gift]

Fig. 3. Comparison of the predicted RF performance of In? Gunn devices
operating in a second-harmonic mode in the frequency range 180-320 GHz.
II: doping profile of Fig. 1(a); •: doping profile of Fig. 1(b).

III. POWER COMBINING

Phase lock between devices generally occurs in a power-
combining circuit only if the devices are coupled at the funda-
mental and second-harmonic frequencies [12]. This is
achieved with the in-line power-combining circuit as shown in
Fig. 4. Two full-height WR-6 waveguide cavities, as used be-
fore for second-harmonic power extraction from individual
devices, are mounted back-to-back and four dowel pins in their
inner flanges help with the performance-critical alignment. A
standard tunable WR-6 waveguide short is connected to the
outer flange of one of the cavities. The section of a WR-3
waveguide, connected to the outer flange of the other cavity,
keeps the signals at the fundamental frequencies from reaching
the power meter.

Two pairs of devices with similar oscillation frequencies as
shown in TABLE I were used in these experiments. Power

combing and phase-lock conditions were achieved with de-
vices of pair #1 for three bias conditions and three positions of
the tunable back short. At the same bias voltages, i.e., those for
maximum RF output power from the individual devices, a
combined RF output power of 6.1 mW was measured at 285
GHz. This power level corresponds to a combining efficiency
of 75% and an overall dc-to-RF conversion efficiency of 0.2%.

Fig. 4. Schematic of the WR-6 in-line waveguide power-combining circuit
with the WR-3 output waveguide.

As can be seen from TABLE I, device B generated more
than 3.2 mW at two different positions of the back short and
corresponding second-harmonic frequencies. As a result, phase
lock in the power combiner also occurred at 280.5 GHz with a
combined RF output power of 5.8 rnW. Furthermore, phase-
lock conditions were achieved at a reduced dc input power
(approximately 88%) for device A and close to maximum dc
input power for device B (> 95%) and a combined RF output
power of 5.6 rriW at 284.8 GHz, which corresponds to a com-
bining efficiency of 85%.

TABLE I
RESULTS OF DUAL-CAVITY POWER COMBINING WITH NP GUNN DEVICES IN A

SECOND-HARMONIC MODE

Device
Pair #

Frequency Power
A& B

Overall
Efficiency

Power
A

Power
B

Combining
Efficiency

Frequency
A

Frequency
B

[GHz] [mW] ro] [mW] [m111/1 [%] [GHz] [GHz]

1 280.5 5.8 0.19 4.8 3.8 67 281.9 280.3

1 284.8 5.6 0.19 3.4 3.1 85 282.0 285.0

1 285.0 6.1 0.2 4.8 3.2 75 281.9 284.9

2 316.3 2.7 0.12 1.5 1.4 65 (est)' 325.0 325.0

1. estimated value, see text.

The devices of pair #2 exhibited very similar performance at
325 GHz. However, the spacing between the devices in the
power combiner as determined by the individual cavities was
fixed in all experiments and not as favorable as around 282
GHz. Therefore, phase-lock conditions occurred at a lower
frequency of 316.3 GHz with an RF output power of 2.7 mW.
As the individual devices are expected to have generated RF
power levels approximately 30% higher at 316 GHz than at
325 GHz, the combining efficiency was estimated not to be
93%, but closer to 65%.

To verify that each pair of devices was phase-locked and
without bias oscillations, the frequency range of 260-360 GHz
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was scanned for spurious signals with the spectrum analyzer
and harmonic mixer and none were found. Phase lock occurred
instantly at always the same frequency as soon as both devices
were biased. This was also independent of whether one device
was turned on first or both devices were turned on at the same
time.

The spectra of the oscillators with power-combined devices
were as clean as those with single devices and this corresponds
well to the clean spectra of power combined devices in the
fundamental mode at D-band [13]. Fig. 5 shows one example
for pair #1 at 280.5 GHz.

Center 280.4988 CH. 490 kHz/ Span 4.9 MHz

Fig. 5. Spectrum of the oscillator with device pair #1. Power level: 5.8 mW,
center frequency: 280.499 GHz, vertical scale: 10 dB/div, horizontal scale:
490 kHz/div, resolution bandwidth: 100 kHz, video bandwidth: 3 kHz, refer-
ence level not calibrated.

Iv. THIRD-HARMONIC POWER EXTRACTION

Devices on diamond heat sinks with the graded doping pro-
files of Fig. 1 and mesa diameters between 25 pm and 40 pm
were also evaluated for third-harmonic power extraction. They
were tested in the same type of a full-height WR-6 waveguide
cavity as before [4]—[7], [11], [13] and, as shown in Fig. 6, the
same tunable short as in Fig. 4 was mounted on one flange of
the cavity to allow for frequency and power fine-tuning. A
dielectric-filled conical horn was used to emit the third-
harmonic power and connected to the other flange through a
short waveguide section [14]. The rectangular waveguide sec-
tion (approximate size WR-2) of the conical horn with a cut-
off frequency of more than 285 GHz blocks the signals at the
fundamental and second-harmonic frequencies. Further details
of the test setup can be found in [14].

The InP Gunn devices with the smallest areas generally
showed the best performance and such observations had been
reported previously for other two-terminal devices [10], [15].
Careful assembly including the alignment of the waveguide
transition proved critical in these experiments and improved
the performance considerably from previous results in the fre-
quency range 400-425 GHz [16]. RF power levels of more

than 45 p/W at 3fi = 409 GHz and 40 itW at 3f2 = 412 GHz
from device A with the doping profile of Fig. 1 (a), and 40 pW
at 3f3 = 422 GHz from device B with the doping profile of Fig.
1 (b) are the best results and were measured with a Thomas
Keating quasi-optical power meter. The exact oscillation fre-
quencies were determined using the IDENTIFY function of a
spectrum analyzer with an external J-band harmonic mixer
[14]. Fig. 7 shows the clean spectrum of the free-running oscil-
lator with the RF output power of 40 pW. The narrow line
width of the signal corresponds well to the clean spectra and
excellent noise performance of InP Gunn devices with the
same or similar graded doping profiles in the fundamental and
second-harmonic modes [6].

Bias

Tunable
p p.

back sh Ort r'A g A

"V//a
,.\\V

f 
WR-3

waveguide

waveguide

Gunn device Heat sink

Fig. 6. Schematic of the WR-6 waveguide cavity, WR-3 waveguide section,
and conical horn for third-harmonic power extraction.

,R13W 10d kHz
,./SW 3 kH.

E TMIX USER SWT 35 ms

-70

80

Cents 411.60. CHz 500 kHZ/ Spa, 5 MHz

Fig. 7. Spectrum of a free-running InP Gunn device oscillator in a third-
harmonic mode. RF power level: 0.04 mW, center frequency: 411.610 GHz,
vertical scale: 10 dB/div, horizontal scale: 500 kHz/div, resolution bandwidth:
100 kHz, video bandwidth: 3 kHz, reference level not calibrated.

The corresponding second-harmonic frequencies were close
to the cut-off frequency of the waveguide section of the horn.
Therefore, the same setup with the spectrum analyzer and
harmonic mixer was used not only to confirm single-frequency
operation, but also to verify that the signals at the second-
harmonic frequencies were sufficiently blocked. No other sig-
nals were detected, in particular, not around qf, 409/1.5 GHz
and f2  412/1.5 GHz from device A. Only a weak signal with
less than 2 /LW was found from device B at 2f3 = 422/1.5 GHz.
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The RF output power from device A as a function of the dc
input power was measured with the power meter PM3 [17],
which had a J-band corrugated feed horn and the appropriate
waveguide transition attached to it [10], [14]. The power read-
ings from the PM3 as shown in Fig. 8 were not corrected for
any losses (correction setting of PM3: 0%) nor was a coupling
of clearly less than 100% between the two horns of different
apertures taken into account [14]. Therefore, the actual output
power levels are much higher and the maximum power of 24
jiW in Fig. 8 agrees reasonably well with the aforementioned
value from the quasi-optical power meter at 412 GHz.

DC input power [W]

Fig. 8. Uncorrected RF power level readings of an InP Gunn device in a
third-harmonic mode at 411.6 GHz as a function of the applied bias. •: RF
output power in a third-harmonic mode; third-harmonic oscillation fre-
quency.

The oscillation frequency in Fig. 8 decreases monotonically
with dc input power and the change in RF output power re-
mains well below 2 dB. A tuning range of more than 100 MHz
for the Gunn device in a third-harmonic mode is sufficient to
stabilize its oscillation frequency in a phase-locked loop.

V. CONCLUSION

All RF output power levels are the highest reported to date
from any Gunn device, and more importantly, they are the
highest from any fundamental RF source operated at room
temperature in the frequency range 290-425 GHz. 344.85
GHz is the highest second-harmonic frequency reported to
date for any Gunn device. Typical dc input power levels of
less than 1.5 W and bias voltages of less than 6 V allow opera-
tion from a battery. Successful power-combining of active
two-terminal devices with RF power levels of 2.7 mW and
higher was demonstrated for the first time above 220 GHz.
Values of DC power consumption and overall dc-to-RF con-
version efficiency for individual and power-combined devices
in a second-harmonic mode compare favorably with those of
RF sources that employ frequency multipliers with GaAs
Schottky-barrier or III-V heterojunction-barrier varactor di-
odes and millimeter-wave driver sources [1], [18]. The meas-
ured results confirm the predicted potential of InP Gunn de-
vices as RF sources with substantial amounts of output power
up to at least 500 GHz [7]. Improvements in performance of

the combiner circuit are expected from more optimized device
spacing and an additional tuning element at the second-
harmonic frequency. Likewise, improvements in third-
harmonic power extraction are expected from more optimized
doping profiles and oscillator circuits [14], [16].
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Injection locked self-oscillating mixers for terahertz focal plane arrays
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Terahertz imaging based on space-borne focal plane arrays has many potential applications.
The challenge in implementing such arrays is the requirement for sufficient local oscillator
power to achieve good conversion efficiency and noise figures from a large number of
mixers. An attractive solution to this problem is the use of self-oscillating mixers which are
injection locked to single local oscillator that provides a weak drive to each mixer.

We have already reported injection locking of room-temperature oscillations in structures in
which a number of resonant tunneling diodes are connected at regular intervals to a
transmission line. The use of resonant tunnelling diodes in these structures offers the
possibility of extending their operation towards 1 THz, particularly because many of the
parasitics become part of the transmission line structure. This paper reports the further work
in which the conditions for these circuits to be used as mixers has been explored. Our results
show many interesting features: in particular injection locking and mixing have been
observed experimentally with very low levels (<-20 dBm) of local oscillator signal.

The use of such mixers poses some interesting problems which we have investigated using a
number of theoretical models. The results of these will be discussed in this paper. The natural
oscillation frequency of a transmission line with several (4 - 10) active devices is close to its
cut-off frequency. As a result the structure shows strong dispersion and a very low effective
impedance. The use of these structures as mixers requires that the self-generated
local-oscillator signal and the received signal have similar relative phases on all active
devices. In the presence of strong dispersion the range of frequencies for which this is true is
severely limited. In a similar way the very low impedance of the structure makes effective
matching of the received signal to it difficult. A solution to both these problems is to operate
the structure at a frequency significantly (-5%) below that of the the natural oscillations. This
results in a considerable reduction of the problems associated with bandwidth and impedance
matching, but requires greater injection-locking power.

A second issue with the application of these structures as mixers is the current-voltage
characteristic of the resonant tunnelling diodes. It is possible for a diode to have a negative
resistance characteristic, and hence generate the required oscillations, without having the
quadratic features that are necessary to achieve good mixing behaviour. This is particularly a
problem with diodes operated at room temperature and with those where series resistance is
significant.

The paper will present estimates for the potential performance, both in terms of conversion
efficiency and the required injection locking power, over a range of frequencies up to 1 THz.
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Multiplier Development for the Upper ALMA
Local Oscillator Bands

Jeffrey L. Hesler, W.L. Bishop & Thomas W. Crowe

Abstract— A series of broadband tunerless frequency
multipliers applicable for use as local oscillators on the
Atacama Large Millimeter Array (ALMA) have been
successfully developed. These multipliers are based on GaAs
Schottky barrier planar diodes, which are mechanically rugged
and repeatable, and thus well suited for use on an array like
ALMA. For ALMA Band 9, a cascaded pair of broadband
triplers to 600-720 GHz has been successfully demonstrated,
and with a drive power of 100 mW over the input range 66.7-

GHz an output power of 30 -40 uW has been achieved at
ambient temperature. Preliminary cooled measurements of the
cascaded triplers indicate an improvement of more than a
factor of 2 upon cooling to 80K, and so these results are a very
successful demonstration. The ultimate goal of this research is
to create a technology base that expands the use of the
terahertz spectrum to more routine but equally important
scientific and military measurements, and in the longer term to
enable a wide range of commercial applications.

Index Terms—Submillimeter-wave sources. Frequency
Multiplier. Frequency Tripler. Spectral Measurements.

I. INTRODUCTION

rr HE Atacama Large Millimeter Wave Array (ALMA)
requires electronically tunable sources covering the

range from 100 GHz to 1000 GHz with individual
bandwidths of up to 25%. These sources must be compact,
rugged and reproducible in large (> 100) quantities in order
to successfully meet the scientific needs of the ALMA
project. This paper discusses the successful development of
local oscillator sources applicable to the ALMA project.

The ALMA local oscillator sources rely on a combination
of MMIC amplifiers (up to roughly 110 GHz) combined
with frequency multipliers used to extend the frequency
range up to 1000 GHz. The development of the MMIC
amplifiers has been carried out by the National Radio
Astronomy Observatory Central Development Laboratory
(NRAO-CDL), located in Charlottesville, VA, USA. The
development of the millimeter- and submillimeter-wave
multipliers is being carried out at Virginia Diodes Inc.
(VDI), also located in Charlottesville, VA, USA.

Previous research at VDI has resulted in the successful
development of triplers for both ALMA Band 6 (211-275
GHz) and Band 7 (275-370 GHz). These multipliers are
based on GaAs Schottky barrier planar diodes, which are
mechanically rugged and repeatable, and thus well suited for
a large array like ALMA. These triplers exhibited an
efficiency of approximately 3% at drive powers ranging

The authors are with Virginia Diodes Inc., Charlottesville, VA 22902
USA. The corresponding author is J. Hesler: phone: 434-297-3257; e-mail:
hesler@virginiadiodes.com.

from 10-20 mW, thus providing more than sufficient LO
power for the SIS receivers. A quantity of over 120 Band 6
and 120 Band 7 multipliers were produced and fully
characterized in a period of roughly 4 months. These
multipliers are now being successfully integrated with the
amplifiers at the NRAO-CDL for use in the ALMA receiver
cartridges.

This paper will discuss the development of broadband
local oscillators for use on the higher frequency ALMA
bands, in particular ALMA Band 9, covering the frequency
range from 600 GHz to 720 GHz. The development and
characterization of both a cascaded doubler-tripler and
tripler-tripler will be presented. Such issues as harmonic
content and cryogenic performance will be discussed.

II. CASCADED DOUBLER-TRIPLER

A. Review Stage

One multiplier combination that has been considered for
use with ALMA Band 9 is a cascaded doubler-tripler
combination. Both the WR-4.3X2 doubler and the WR-
1.5X3 tripler are standard VDI components, with typical
efficiencies of 10% and 2%, respectively. With an input
drive power of 30-40 mW over the band 100-120 GHz the
expected output powers are 3-4 mW out of the doubler and
60-80 uW out of the tripler. Figure 1 shows the actual
measured performance for several sextupler designs. The
power level over most of the band matches the expected
power level, but there are ripples in the power, and drop-

Fig. I. Performance of cascaded WR-4.3X2 + WR-1.5X3 multipliers for
three separate lengths of intervening waveguide. The spacings between the
doubler and tripler are approximately 4.6 wavelengths for the solid curve, 3.5
wavelengths for the dashed curves, and 2.8 wavelengths for the dotted
curves.
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outs over part of the band. The standing wave is caused by
interactions between the doubler and tripler, and so
measurements were made using different spacings between
these multipliers. The different curves in Figure 1
correspond to different physical lengths of waveguide
between the doubler and tripler. In all of the cases there are
significant nulls in the output power caused by standing
waves between the multipliers. Also the performance in the
nulls was not found to improve significantly upon cooling,
and thus it was necessary to determine a means to overcome
this difficulty.

In order to better understand the source of the problem,
measurements were performed on the return loss of the
broadband triplers. Figure 2 shows the measured return loss
for a standard WR-3.4X3 broadband tripler. The
performance of the WR-1.5X3 used to produce the results in
Figure 1 is expected to be very similar. As can be seen in the
graph, as the input drive power becomes low (below
approximately 5 mW) the return loss worsens dramatically
for this tripler design. For the sextupler to 600-720 GHz
described above the return loss of the tripler is expected to
be as poor as 3-4 dB, and so the measured ripples in Figure
1 are consistent with this behavior.

In order to overcome this problem of poor return loss for
low drive powers a new series of multipliers was developed
for operation at ultra-low input drive. Fig. 2 shows the

Fig. 2. Measured return loss for typical standard tripler and also for a low-
drive tripler.

Fig. 3. Measurements of a broadband sextupler using a low-drive tripler.

measured return loss for a prototype WR-9.3X3 low-drive

Fig. 4. Photograph of two VVR-1.5X9 blocks (showing output side and input
side). The WR-1.5X9 consists of a WR-4.3X3 tripler (170-265 GHz)
integrated with a WR-1.5X3 tripler (500-750 GHz) into the same block
housing.

Fig. 5. Measured data for four identical-builds of WR.-1.5X9 blocks.

broadband tripler. As shown in the graph, the return loss is
still very good even for a drive power below 1/4 mW. A
batch of low-drive triplers was fabricated to cover the WR-
1.5 band, and the test results for these devices are shown in
Figure 3. Even for very low drive powers the sextupler is
still performing well and gives fiat performance over the
band, demonstrating the dramatically reduced standing
waves between the components. Subsequent cooled
measurements performed at NRAO-CDL indicated an
improvement of nearly a factor of 2 upon cooling to 80 K,
and the output power was well above the required 20 uW
over the entire band. However, because of concerns about
the lifetime of the InP MMIC amplifiers required to produce
the drive power (30-40 mW from 100-120 GHz), it was
decided best to look into an alternate path, a cascaded
tripler-tripler.

III. CASCADED TRIPLER-TRIPLER

Figure 4 shows a picture of a WR-1.5X9 multiplier,
which consists of a WR-4.3X3 tripler integrated into the
same housing with a WR-1.5X3 tripler. The input drive
band to the multiplier is from 67-80 GHz, and it is assumed
that an input drive power of 100 mW will be available at the
multiplier input The WR-4.3X3 has an efficiency of 3-4%,
and so the power delivered to the WR-1.5X3 will be 3-4
mW. A low drive tripler was used in the WR-1.5X3 tripler
to avoid standing waves. The efficiency of the low-drive
WR-1.5X3 tripler is in the range 1 %, yielding an expected
output power at room temperature of 30-40 uW. The
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measured output power for several identical WR-1.5X9
blocks are shown in Figure 5, and indicate that the
multipliers are working as expected.

One important consideration for the overall multiplier
design is the analysis and minimization of unwanted
harmonics. A graph of the frequency bands for the various
harmonics for a tripler-tripler to ALMA Band 9 is shown in
Figure 6, where the base harmonic N=1 covers 67-80 GHz,
and the desired harmonic is N=9 covering 600-720 GHz.
There are three vvaveguides to consider: 1) the input to the
first tripler, 2) the waveguide between the triplers, and 3) the
output waveguide. In the graph two different output
waveguide sizes, WR-1.5 (500-750 GHz) and WR-1.2 (600-
900 GHz) are shown to allow comparison between them, as
discussed below.

In looking at the graph, it can be seen that any fifth
harmonic output from the first tripler (N=5) will be blocked
by the output waveguide over nearly the entire band, even
with the larger WR-1.5 waveguide (TE10 cutoff 393 GHz),
so this harmonic is not an issue. Another harmonic to

Fig. 6. Harmonic Design for a cascaded Tripler-Tripler to ALMA Band 9
(600-720 GHz). The light blue lines show the frequency ranges for the
various harmonics of the input drive (100-120 GHz). The other lines show
the range for the various waveguides in the cascade (the TE10 cutoff
frequency, then recommended lower and upper band edges).

Fig. 7. Martin-Puplett interferometer used for spectral measurements of the
WR-1.5X9. The micrometer has a stage wobble at 0.4 mm periodicity, which
adds artifacts to the spectra at integer offsets of +/- 185 GHz from any strong
tone.

Fig. 8 (a-c). Measured output spectra of the WR-1.5X9. The peaks marked
in magenta are artifacts caused by stage wobble and quasi-optical system
standing waves. The red curves are for blocks with WR-1.5 output, while the
blue curves are for modified blocks with output waveguide equivalent to
WR-1.2 (i.e.-TE10 cutoff frequency of 492 GHz).

consider is the second harmonic content from the second
tripler (i.e. the multiplication path X3-X2, N=6). For the
WR-1.5 waveguide it is possible for this N=6 harmonic to
propagate out the output waveguide. By switching to WR-
1.2 waveguide (TE10 cutoff 492 GHz) it is possible to block
this N=6 harmonic output. Other harmonics, for example the
7th, 8th and 10th, would be impossible to filter out if they
are found to be present in the output and so the suppression
of these harmonics must rely on circuit balance.

The next issue to consider then is which harmonics are
expected be present in the output, and in what magnitude.
Both of the triplers are balanced designs, and so even
harmonics are suppressed by the inherent balance. The
question then is what level of suppression is achieved for the
present multiplier. A theoretical analysis of the harmonic
content is possible, but because the presence of these
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harmonics depend upon asymmetries, either electrical or in
the embedding circuit, it is difficult to accurately predict
their level. Previous measurements of the individual triplers
have found that the even harmonics (N=2, 4, ...) and higher
odd harmonics (i.e. N=5, 7, ...) are suppressed to a level 15-
20 dB below the tripled output (N=3).

In order to gain a better understanding of the harmonic
content of cascaded triplers, a polarizing Martin-Puplett
diplexer was used to characterize the output spectrum. A
picture of the spectrometer is shown in Figure 7. An input
lens is use to collimate the power from the source, which
then propagates through the interferometer. An output
analyzer is then followed by a Golay cell that is used to
detect the output signal. The source was electrically
modulated using a coaxial SPST switch. There are two main
sources of artifacts in this spectrometer. First, the stage
translating the rooftop mirror has a wobble with a
periodicity of 0.4 mm, effectively AM modulating the
interferogram and producing "sidebands" on the output
spectrum at integer multiples of 185 GHz above and below
any tones present. A second artifact is caused by the
presence of standing waves between the source and the
detector, which produce artifacts at integer multiples of any
tones present. These artifacts can be seen in the spectra
shown in Figure 8. That these are artifacts and not true
signals has been verified by a series of measurements on a
variety of multipliers, as well as correlation of these results
with measurements by other groups.

In looking at the measured spectra, the spectrum for an
output frequency of 630 GHz (Figure 8(a)) shows that the
only measurable signal is the desired 9th harmonic. The
noise threshold for the measurement is approximately 25 dB
below the desired output. If we look at the spectrum for an
output frequency of 690 GHz (Figure 8(b)) with WR-1.5
waveguide (TE10 cutoff 393 GHz) then it is possible to see
the appearance of a 6th harmonic at a level approximately
15 dB below the main carrier. However, reducing the output
waveguide size to WR-1.2 (TE10 cutoff frequency of 492
GHz) chokes off the 6th harmonic. The measured output
power for WR-1.5X9 with and without the WR-1.2 filter
was measured to be the same. Figure 8(c) shows that the 6th
harmonic has been successfully suppressed all the way to
the upper edge of the band, 720 GHz. One final question is
whether the 6th harmonic signal is generated by a doubling
of the N=3 harmonic, or by a tripling of the N-2 harmonic.
To determine this a similar measurement was performed
with WR-1.5 output waveguide and WR-3.4 intermediate
waveguide. In this case the 6th harmonic was still present in
the output indicating that the path is indeed X3-X2, and not
X2-X3.

Iv. CONCLUSION

This paper has described the successful development a
cascaded pair of broadband triplers, the WR-3.4X3 + WR-
1.5X3, for use on ALMA Band 9, covering the frequency
range from 600-720 GHz. With a drive power of 100 mW
over the input range 66.7-80 GHz an output power of 30-40
uW has been achieved at ambient temperature. Preliminary
cooled measurements of the cascaded triplers indicate an
improvement of more than a factor of 2 upon cooling to
80K, and so these results are a very successful

demonstration for use with ALMA Band 9. In addition,
research is now underway on the development of multipliers
for ALMA band 10, covering 787-950 GHz. A tripler-tripler
has been successfully testing with an output power of 15-20
uW when driven by an input power of 60-75 mW.

These sources are not only applicable to the ALMA
project, but to a wide range of scientific and commercial
applications. The ultimate goal of this research is to create a
technology base that expands the use of the terahertz
spectrum to more routine but equally important scientific
and military measurements, and in the longer term to enable
a wide range of commercial applications.
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Design & test of a 380 Gliz sub-harmonic mixer
using American and European Schottky diodes

Bertrand Thomas, Byron Alderman, David Matheson and Peter de Maagt

Abstract- We present here the development of a broadband
flied-tuned 360-400 Gilz sub-harmonically pumped mixer,
featuring an anti-parallel pair of planar Schottky diodes from
VDI (Virginia Diodes Inc.). Simulations show that replacing the
VDI discrete device by an optimized anti-parallel pair of planar
Schottky diodes based on the BES fabrication process of UMS
(United Monolithic Semiconductors) onto the same circuit
would lead to similar performances. A comparison between the
expected performances of both devices used vvith the same
mixer circuit is presented. Measurements on a prototype
featuring 'I)I diodes exhibit best DSI3 mixer noise temperature
of 950 K and conversion losses of 8.5 dB at 380 GHz.

Index Terms- Submillimetre wave receiver, sub-harmonic
mixer, planar Schottky diodes.

I. INTRODUCTION

In the framework of future ESA missions dedicated to the
remote sensing of the Earth atmosphere in the millimetre and
submillimetre wave domain [1], several frequency bands up
to at least 380 GHz are highlighted as key priority for the
development of highly integrated heterodyne receivers
exhibiting high sensitivity at room temperature over a broad
instantaneous bandwidth.

In that context, we report here on the development of a
broadband fixed-tuned 360-400 GHz sub-harmonic mixer,
featuring an anti-parallel pair of planar Schottky diodes. The
simulated performances of the designed mixer circuit using
two different models of an anti-parallel pair of planar
Schottky diodes are presented, and compared with
measurements on a prototype fabricated and tested.

II. DESIGN OF THE 380 GHz SUB-HARMONIC MIXER

The design of the 360-400 GHz fixed-tuned sub-harmonic
mixer is presented in Fig.1 . It features an anti-parallel pair of
planar Schottky diodes flip-chip mounted and silver-epoxy
glued onto a quartz-based microstrip circuit. The 50 1.im
thick quartz circuit is then directly reported and glued inside
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contract number 16142102/NUEC.
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the microstrip channel. A gold beam-lead is formed at the
RF end during the circuit fabrication, providing a precise
grounding of the diode pair at IF/DC frequencies. The
LO/RF waveguides, the microstrip channel and the IF
connector socket are milled into two split-waveguide metal
blocks. A diagonal horn antenna, similar to [2], is also
integrated to the mixer block.

Fig. 1. Schematic view of the 380 (ii 17 SI-1P mixer circuit mounted into the
lower half of the mechanical waveguide split block. The circuit has been
optimized for best performances with an anti-parallel pair of planar
Schottky diodes from VDI.

The mixer circuit has been initially designed to incorporate
an anti-parallel pair of planar Schottky diodes from VDI
(Ref. SC1T9-D20). However, a study in collaboration with
the LERMA department at the Observatory of Paris has been
done to test the mixer design using a novel anti-parallel pair
of planar Schottky diodes compatible with the BES process
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of the company UMS. The structure has been optimized by
the LERMA for operation at 380 GHz and tested in
simulation inside the mixer model developed at RAL. The
novel designed pair of diodes does not include an
on the contrary of VDI diodes. Fig. 2a8413 show both
components' 3D model with their physical and electrical
characteristics.

Fig.2a. Schematic view of the planar Schottky diodes from VDI (Ref.
SC1T9-D20). The chip includes two air bridges Electrical parameters are
R5

=
10 CI, n=1.25, Ci o----2.5 if Isat=30 fA, Vbi

=0.8 V, A=1.76 um2.

Fig.2b. Schematic view of the planar Schottky diodes based on the BES
process from UMS. The chip has no air-bridge. Electrical parameters are:
R5=10 CI, Ci0=2 if, Isat=4 fA, Vbi=0.85 V, A=1.5 um2.

III. DESIGN METHODOLOGY AND COMPUTED
PERFORMANCES

The methodology used to design and optimize the mixer
circuit uses a combination of linear/non-linear circuit
simulations (Ansoft Designer [3]) and 3D EM simulations
(Ansoft HFSS [3]) and is described in detail elsewhere [4].
From a first set of non-linear simulations of the diodes pair,
considering an optimum LO power level of 1.5 mW, ideal
embedding impedances of approx. ZRF

=
 47+j.46 at RF

frequencies and Zw = 63+j.121 at LO frequencies are found
for the VDI diodes. The IF load impedance is set to 100 LI
Then, the microstrip circuit, as well as the fixed backshort
positions and the waveguide-to-microstrip transition, are
optimized to synthesize an embedding impedance as close as
possible to these values. Additional losses from the horn
antenna (7-z-:, ldB) and the IF mismatch with the first LNA
ldB) have been taken into account during the simulations.

The simulated performances of a SHP mixer using VDI and
UMS-like diodes are presented in Fig.3. Despite the fact that
they appear to be fairly similar, the centre frequency of the
mixer using UMS-like diodes is slightly shifted towards 370
alz, compared to the optimal centre frequency of 380 (ii IL

obtained using VDI diodes. This difference is attributed to
slightly superior parasitic capacitance exhibited by the
UMS-like diodes. A slight re-optimisation of the mixer
circuit using VMS-like diodes would be necessary to
achieve the optimal 360-400 GHz bandwidth.

Simulated (VDI)
Measured (VD1)
Simulated (UMS)

•

370 380 390 400
RF frequency (GHz)

Fig.3. Predicted DSB conversion losses of the 380 GHz SHP mixer
designed to incorporate an anti-parallel pair of Schottky diodes from VDI
(full curve), along with the predicted performances of a similar mixer
circuit incorporating UMS-type anti-parallel pair of planar Schottky diodes
(dashed curve). Measured mixer conversion losses using a VDI diodes pair
are shown (dots) for comparison.

Iv. TEST OF THE 380 GHz FIXED-TUNED RECEIVER
INCLUDING THE SUB-HARMONIC MIXER

In order to pump the subharmonic mixer using a
fundamental Gunn oscillator source, a 190 GHz fixed-timed
doubler using an anti-series pair of 6 planar Schottky
Vat-actor diodes from VDI has been developed in the
framework of this project, and is described elsewhere [5].
The 190 GEIz doubler is pumped by a Gunn oscillator from
Carlstrom, which outputs 100 mW ofI,0 power between 84
GHz and 92 GHz, and drops bellow 60 mW for frequencies
above 96 (Hz. The output power of the doubler reaches a
maximum of 7 mW at 176 (II h' and outputs an L,0 signal
with a power greater than 2.8 mW between 172 (ii Li and
190 GHz. The power levels are measured with a PM3
Erickson power meter [61.

The complete 380 GHz fixed-tuned receiver including the
190 GHz fixed-tuned doubler and the 380 GHz fixed-tuned
sub-harmonic mixer has been assembled and tested, as
shown in Fig. 4a&b. The doubler is fed by a Gunn diode
source followed by a variable attenuator. No isolator is
inserted between the doubler and the mixer in order to
maximize the available LO power. The IF signal is amplified
by a low noise amplifier (1st LNA from Miteq) chain
including a band-pass filter in between 2.5 GHz and 3.5
GHz. The output signal of the amplifier chain is measured
using a HP 8481A power sensor.

10,0

9,5 *

9,0

8,5

8,0

7,5

7,0

6,5

6,0
360
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Fig.4a. Detail of the 380 GHz mixer microstrip circuit mounted into the
lower half of the mixer block. The mixer circuit includes an anti-parallel
pair of planar Schottky diodes from VDI, flipped chipped and silver epoxy
glued onto the quartz based circuit.

Fig.4b. View of the test setup showing the 190 GHz fixed-tuned doubler
connected to the 380 GHz fixed-tuned SHP mixer. A wave guide attenuator
is inserted between the doubler and the Gunn oscillator. The IF signal from
the SHP mixer is output to a LNA IF chain.

The measured performances of the receiver including the
mixer noise temperature are presented in Fig. 5. The best
mixer performance is obtained at 380 GHz, with DSB
receiver noise temperature of 1693 K. Varying the IF LNA
noise temperature from 100 K to 450 K allows to calculate a
corresponding DSB mixer noise temperature of 950 K and
DSB mixer conversion losses of 8.5 dB. The measured
mixer conversion losses are given in Fig.3, and can be
compared with the predictions. The DSB mixer noise
temperature remains below 1200 K between 360 GHz and
380 GHz. The amount of power required to pump the mixer
between 360 GHz and 380 GHz is estimated between 2 mW
and 3.5 mW.

Further tests using a more powerful fundamental source
above 95 GHz will be necessary to characterise the mixer up
to 400 GHz. The performances are indeed expected to be
flat up to 400 GHz, as suggested by the results in
simulations (Fig .3).

• Receiver noise temp.

Mixer noise temp.

• •
. —

360 365 370 375 380 385

RF frequency (GHz)

Fig.5. Measured DSB receiver and mixer noise temperature VS frequency.
Degradation in the receiver noise temperature noticeable at 376 GHz is due
to a sharp resonance in the LO signal coupling between the doubler and the
mixer. Inserting an isolator between the mixer and the doubler would
cancel the resonance.

V. CONCLUSION

The design, fabrication and test of a 380 GHz fixed-tuned
mixer is presented. The mixer circuit has been designed for
VDI diodes, but simulations show that using an optimized
pair of planar Schottky diodes compatible with the BES
process of UMS would give similar performances, providing
a useful bench-mark for discrete American and European
planar Schottky diodes. Measurements performed on a mixer
using planar diodes chip from VDI give excellent
performances, in accordance with the simulations.
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Abstract

Low-loss, heterodyne detection systems operating at terahertz frequencies are essential for
applications in atmospheric remote sensing. Such applications need good quality air-bridged
Schottky diodes for use in heterodyne mixers and multipliers. Sub-harmonic Schottky diode
mixers are key components of these receivers since they provide high spectral resolution and
good sensitivity at room temperature.

Conventional technology relies on the ability to flip-chip solder a diced diode chip onto a
quartz wafer carrying filter metallisation. Successful flip chip bonding requires highly
specialised skills, is difficult to do well and inevitably introduces additional parasitic losses •
into the circuit.

This paper describes the development of integrated devices, whereby an anti-parallel pair of
planar Schottky diodes is integrated with the associated filter metallisation, monolithically
fabricated on a 50pm-thick GaAs substrate. The Schottky diodes are air-bridged to reduce the
parasitic capacitance of the diode structure. Diodes with anode diameters of approximately 1
p,m have been fabricated, resulting in idealities, 1.15 and series resistances, Rs — 15a

The diode structure has been designed to operate in a fixed-tuned, reduced-height, crossed-
waveguide mixer block. The mixer layout has been optimised using a combination of three
dimensional electromagnetic and circuit simulations. The MMIC circuit is about 4 mm long,
0.28 mm wide and will be mounted in a waveguide block that includes matching elements
inside the Local Oscillator (LO) and RF waveguides. The mixer is expected to operate in the
band 160-190 GHz with a double side band (DSB) conversion gain greater than -6 dB when
pumped with 2 mW of Local Oscillator (LO) power. A minimum DSB gain of -5.2 dB and a
DSB noise temperature of 500 K are expected at 183 GHz.

The precision mixer block has been machined in the machine shop of RAL. The testing of the
183 GHz mixer is currently taking place.
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Design of a 400 GHz Schottky Mixer
for High-Performance Operation

Jose V Sites., Jesus Grajal, and Viktor Krozer

Abstract— In this work we present the design of a 400 GHz Schottky diode
mixer for high performance operation. In order to achieve a proper design a full
and joint optiinization of both the external circuit and the internal structure of
the Schottky diode is performed. Two possible mixer topologies are analyzed: A
fundamental mixer and a subharmonically-pumped (SHP) ant parallel diode pair
mixer. The advantages and disadvantages of both topologies are discussed. The final
results exhibit a single-side band (SSB) conversion loss of 8.6 dB t 0A mW of LO
power for the 400 GHz fundamental mixer and 103 dB 0.8 TriW Lo power for
the 400 GHz SLIP mixer, when parasitics are tuned out However, if parasitics are
not tuned out, an increase in the required LO power is necessary for minimum
conversion loss.

Index Terms— CAD, harmonic balance, submillimeter-wave technology,
Schottky diode mixers, subharmonically-pumped mixers.

I. INTRODUCTION

This work deals with the design and full optimization
of a 400 GHz Schottky diode-based mixer employing a
numerical in-house CAD tool that combines an accurate
physics-based numerical model of the Schottky diode with
an external circuit simulator by means of accurate multi-
tone harmonic balance techniques [1]. The diode model
incorporates accurate boundary and interface conditions for
self-consistent treatment of tunnelling transport, image-force
effects and impact ionization. The simulator accounts for
limiting mechanisms such as avalanche breakdown, velocity
saturation, and increase in the series resistance with the input
power. A further description of this CAD tool can be found
in [1]- [2].

In order to achieve a high-performance 400 GHz mixer,
the optimization of the Schottky mixer performed in this
work includes all possible aspects that can be accounted
for within the context of mixer design: Input and output
matching networks, influence of bias, required LO power,
image enhancement, effect of parasitics, mixer sensitivity to
input and output mismatches and influence of the Schottky
diode characteristics (anode area, length of each layer, doping
profile, series resistance, etc.). But all these parameters cannot
be individually treated. In this sense, the main advantage of
our in-house CAD tool lies on the possibility to perform a
joint optimization of both the external circuit and the internal
structure of the semiconductor device.

Regarding the topology of the 400 GHz Schottky mixer,
two options have been considered and analyzed: A single-
diode fundamental mixer and a SHP antiparallel-diode pair
mixer. The block diagrams of the analyzed circuits for these
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under project number TEC2005-07010-0O2-01/TCM.

Josi V. Sites and Jestis Grajal are with the Department of Sefiales, Sistemas y Radio-
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Viktor Krozer is with Orsted-DTU Technical University of Denmark, Orsted Plads,
bde. 348, DK-2800 Kgs. Lyngby (DENMARK)

two topologies are presented in Fig. 1. Antiparallel-diode pair
SHP mixers have the advantage of the current cancelation at
even order harmonics and intermodulation products of the LO
and RF frequencies. This leads to two important results. On
the one hand, the DC current cancelation makes SHP mixers
to experiment an important noise reduction in comparison
to fundamental mixers [3]. On the other hand, matching
networks are much easier to implement as there is no need
to take into account the impedances at those frequencies
at which current cancelation occurs. However, SHP mixers
demand 3 dB more LO power than fundamental mixers and
have around 1-2 dB higher conversion losses [4].

A brief comparison between simulations performed
with our in-house physics-based numerical CAD tool and
measurements from the SHP mixer described in [5] will be
also held for validation purposes.

Fig. 1. Block diagram of the analyzed circuit for a SLIP antiparallel diode
pair (a) and a fundamental Schottky mixer (b).

II. DESIGN OF THE 400 GHz FUNDAMENTAL MIXER

It is well-known that the optimization of any of the parame-
ters of a submillimeter-wave Schottky mixers has an influence
on the optimum values of the rest of design parameters.
Therefore, the joint optimization of them all is required to
obtain the highest performance in the final mixer circuit. As the
maximum input LO power available is limited to the state-of-
the-art solid-state power sources at submillirneter-wave bands,
a good methodology of design and optimization might consist
of the following: The selection of the optimum bias voltage
and epilayer length for each different doping level in order to
find the most appropriate set of parameters to get the minimum
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conversion loss. This is because the higher the doping is, the
shorter the space charge region of the Schottky diode is and, as
a consequence, the optimum bias and epilayer length may vary.
Of course, input and output impedances must be optimized as
well for all the cases. This task is automatically performed by
the design tool at every analyzed LO power.

Fig. 2 shows the influence of the bias voltage in the
performance of the 400 GHz Schottky mixer for 2 . 1017cm-3
doping in the epitaxial layer. It can be depicted that lower LO
power levels are required when the bias is increased. The LO
and RF impedances are conjugate matched at each LO power
in all the cases unless otherwise specified. The best results
are obtained at 0.6 Volts. The effect of the doping level on
the conversion loss is presented in Fig. 3. The increase in the
doping makes longer the undepleted region of the epilayer so
an increase in the LO power is required for minimum loss.
There is no velocity saturation effects at 400 GHz, which
can be noticed by the fact that the same conversion loss can
be obtained with the appropriate LO power in all the cases.
Therefore, low dopings (1 — 2 10 17cm -3) are preferred as
lower LO levels are necessary to get the best performance.

Furtherinore, if the available LO power is fixed in advance,
the curve of conversion loss can be shifted towards lower
or higher LO powers to place the minimum at the available
pump power. This can be done just by modifying the anode
area of the Schottky diodes. Hence, a lower LO power will
be needed for minimum loss if the area is reduced (Fig. 4).
Besides, the change of the anode area modifies the optimum
input and output impedance levels that in most of the cases
leads to easier-to-built matching networks for lower areas. To
exemplify this point, the optimum impedance values predicted
by our CAD tool for a 2 • 1017cm -3 doping at both LO and
RF frequencies were 29 + j • 31 @ A5 it m,2.

400-410 GHz MIXER: Aretw5nrn2 	mW cm. L. ,100 nm , T.300 K

Fig. 2. Influence of bias in the single-side band (SSB) conversion loss of the
400 GHz fundamental mixer at room temperature. No parasitics have been
considered (C=O fF). IF optimized at 3 mAN T LO power.

It is obvious from Figs. 2 to 4 that there is a trade-off among
the bias voltage, the doping and the anode area in order to get
minimum conversion loss at a certain LO power level.

Another important aspect to be considered in the design
process is the influence of parasitics in the mixer circuit. Al-
though these parasitics can be tuned out with proper matching
networks, the resultant impedances values required for these
networks are usually difficult to synthesize in the practice. As
an example, for the 400 GHz fundamental mixer with a 1 itm2

Fig. 3. Influence of epilayer doping in the SSB conversion loss of the
400 GHz fundamental mixer at room temperature. No parasitics have been
considered (c=0 fF).

Fig. 4. Influence of anode area in the SSB conversion loss of the 400 Gliz
fundamental mixer at room temperature. No parasitics have been considered
(Cp.() fF).

anode area, the matched LO and RF impedances at 0.5 rnW
in absence of parasitics are — 140 ± j . 150 C2. For instance,
if a 10 fF parasitic capacitance is present in the circuit, the
matched LO and RF impedances that tune out this parasitic
are — 3 j • 30 Q. Fig. 5 shows the effect of the parasitic
capacitance in the mixer circuit when it has not been tuned
out. The increase in the minimum conversion loss is due to RF
input mismatches while the need for higher LO power levels
is caused by LO input mismatches.

LO Power (mW)

Fig. 5. Influence of the parasitic capacitance in the SSB conversion loss of
the 400 GHz fundamental mixer at room temperature. IF optimized at C,=0
IF and PL0=0.35 mw.

The image enhancement that results of selecting a reactive
impedance at the image frequency can be also evaluated by
means of our mixer CAD tool. For the 400 GHz fundamental
mixer, an improvement of 1.3 dB in the conversion loss has
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been estimated.
The final results for the 400 GHz fundamental mixer exhibit

a SSB conversion loss of 8.6 dB (7.3 dB including the image
enhancement). These results corresponds to a 1 icat2 area, a
2 1017 CM-3 epilayer doping and a series resistance R, =84
SI. The series resistance is numerically obtained by performing
a DC analysis of the Schottky diode with our CAD tool. If
the R, of the Schottky diodes was reduced, for example by
shortening the lengths of the its layers, an improvement in the
SSI3 conversion loss will be obtained: 6.0 dB SSB conversion
loss when R, =25 Q.

III. DESIGN OF THE 400 GHz SHP MIXER.

The design methodology of the 400 GHz SHP Schottky
mixer is analogous to the one employed for the 400 GHz
fundamental mixer. Thus, in this section we only present the
most relevant results. Fig. 6 shows the influence of the epilayer
doping in the performance of the SHP mixer. Again, lower
doping levels are preferred at this frequency of operation. The
influence of the anode area is also identical to the fundamental
mixer case. If the area is divided by a factor 2, the curve of
conversion loss shifts 3 dB towards lower LO powers.

It can be noticed in Figs. 6 and 7 that a 3 dB higher LO
power is necessary to obtain minimum conversion loss for the
SHP mixers as a consequence of using 2 diodes in antiparallel
configuration instead a single diode. This also affects to the
values of the impedances in the matching networks, which are
different from those obtained for the fundamental mixer. This
circumstance may sometimes represent an advantage in terms
of impedance synthesization. The matched impedances levels
when the SHP mixer is driven by the LO power level at which
minimum conversion loss occurs are (for a 2-10 17on-3 doping
and A=5 firrt 2 ): ZLO = 20 + j 45 Il and ZRF = 16 + j 19
O.

The study of the influence of the parasitic capacitance has
been omitted here, but the results are similar to those obtained
for the 400 GHz fundamental mixer.

Fig. 6. Influence of epilayer doping in the SSB conversion loss of the 400
GHz SHP mixer at room temperature. No parasitics have been considered
(Cp=0 if)

IV. SHP MIXERS VS. FUNDAMENTAL MIXERS

A comparison between the performances of the 400
GHz fundamental Schottky mixer and the 400 GHz SHP
antiparallel-diode pair mixer is provided in Fig. 8.

Fig. 7. Influence of anode area in the SSB conversion loss of the 400 GHz
SHP mixer at room temperature. No parasitics have been considered (Gp=0
fF)

Althoug the optimum LO power is two times higher in
the antiparaile1-diode pair SHP mixer, pumping at half the
LO frequency of the fundamental mixer may represent and
important advantage at these frequency bands because the
LO power provided by state-of-the-art solid-state sources
decreases with the frequency [6].

Fig. 8. Comparison between the performances of the 400 GHz fundamental
Schottky mixer and the 400 GHz SHP antiparallel-pair Schottky diode mixer.

The minimum SSB conversion loss of the 400 GHz SHP
mixer is — 1.5 dB worse than in the 400 GHz fundamental
mixer, which is in agreement with the literature [4]. However,
it is important to realize that a 0.6 V bias has been considered
for the fundamental mixer while the SHP mixer has been left
unbiased. The absence of bias circuitry makes circuits easier
to fabricate, so this advantage must be positive considered in
the designs.

Other advantages of the SHP mixer, which are predicted by
our CAD tool, are the DC current reduction and the even-order
harmonics and intermodulation products current cancellation
within the diode pair for antiparaliel-diode pair SHP mixers.
Furthermore, no implementation efforts need to be made in
the circuitry at the even-order frequency components as they
do not have influence in the mixer performance. This is
corroborated by results in Fig. 9. When all the idler frequencies
impedances of the circuit are set to 50 0, the conversion
loss for the antiparallel-diode pair SHP mixer is not affected
with respect to the case in which those impedances are short-
circuited. When a single diode SHP mixer is considered a
degradation of the performance can be noticed.
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Fig. 9. Comparison between the performances of the 400 Gliz fundamental
Schottky mixer and the 400 Gliz SHP antiparallel-pair Schottky diode mixer.
Influence of the impedances at idler frequencies.

V. VALIDATION OF THE CAD TOOL

As an initial effort to validate the in-house mixer CAD tool
presented in this work, a 330 GHz SHP mixer designed, fabri-
cated and measured in the Observatoire de Paris [5], [7], has
been simulated using this tool. The Schottky diode employed
in the design and fabrication of the mixer is the SD1T7-D20
from the University of Virginia. The characteristics of this
diode (provided by the University of Virginia) can be found in
[7]: An epitaxial layer of 100 nm, an anode area of 0.8 prig,
an epilayer doping of 2 • 1017 ern -3 ,a built-in potential of
0.72 Volts, a zero junction capacitance of 1.3 IF and a series
resistance of 11-15 0.

The DC analysis of the diode showed a series resistance of
14 0 and a 1.3 fF zero junction capacitance Coi  that are

in good agreement with the nominal values specified by the
University of Virginia.

ROOM TEMPERATURE UNBIASED 330 G. MDCER
(Diode Characteristics: Aram0.8um

.
 C,1.31F No=2-10

..
 cm L.,=.100 nm R.M4

20

18

6-1

18:

114

112
ci 10

a

6

Fig. 10. Comparison between measurements and simulations for a 330 GHz
SHP antiparallel-diode pair Schottky mixer [7].

The optimum impedances employed in the simulation were
optimized at a 1.5 mW LO power in absence of parasitics:
ZRF = 77+j-138 SI and Zu3 = 142 +3 238 a These values
are very close to those considered in [7]: ZRF = 83 + 53
ci and ZI,0 147 + j • 207 0.

A 100 Il IF output impedance has been considered in both
the fabrication and the simulation of the 330 GHz mixer. This
value is optimum for the antiparallel-diode pair according to
[7], and agrees with the result provided by the IF impedance
optimization performed with our CAD tool. The parasitic

capacitance of the fabricated mixer is — 5 f F according to
[7]. The optimum impedances if C, is considered predicted
by our CAD tool (ZRF = 5 ± 56 and ZL0 = 4 + 120
0) are very different to those employed in the fabrication of
the 330 GHz mixer so we have considered that the parasitic
capacitance was no tuned out in the results presented in [7].
Taking into account all these considerations, simulations and
measurements are in very good agreement as can be depicted
from Fig. 10. In order to make possible the comparison, the
quasi-optical losses (0.7 dB) and the losses in the IF circuit and
SMA connectors (2.5 dB) predicted in [7] have been added to
the simulation results. Hence, the final SSB conversion loss is
9.1 dB at 2.4 mW LO power.

If simulations are repeated considering the input impedances
that tune out the 5 fF parasitic capacitance, the minimum SSB
conversion loss (9.1 dB) occurs at 0.4-0.6 mW instead at 2.4
mW. Anyway, the low values required for the real part of the
LO and RF impedances, 4 i1 and 5 0 respectively, makes
extremely difficult the synthesization in practice.

VI. CONCLUSION

We have presented an in-house CAD tool for the analysis
and design of fundamental Schottky mixers and SHP Schottky
mixers up to Terahertz frequencies. By means of this tools, a
400 GHz Schottky mixer have been designed and optimized
considering the two possible topologies: a fundamental single-
diode mixer and a SHP antiparallel-diode pair Schottky mixer.
A deep comparison between the advantages and disadvantages
of both topologies have been done. The predicted SSB con-
version loss are 8.6 dB for the fundamental mixer and 10.3
dB for the SHP mixer. However, these results could be still
improved, for example by reducing the series resistance of the
diodes.

An initial validation of our CAD tool have been also
presented with very good agreement between measurement
and simulations of a 330 GHz SHP antiparallel-diode pair
Schottky mixer.
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Design of Heterostmcture Barrier Varactor
Frequency Multipliers at Millimeter-wave Bands

Virginia Bernaldo, Jesfis Grajal, and Josa V. Siles

Abstract- A physics-based CAD tool for the design of he-
terostructure barrier varactor (HBV) frequency multipliers is
presented in this work. This design tool is based on the Harmonic
Balance method together with a physics-based drift-diffusion
numerical device simulator. A joint optimization of the circuit
parameters and the structure of the HBV diodes maximises the
conversion efficiency at millimeter-wave bands. Different material
systems have been considered for the designs: AlGaAsiGaAs,
and InGaAslInAlAs. An initial effort for validation has been
carried out with measurements published in the literature
for a 300 GHz GaAs/A/GaAs-based tripler, and a 250 GHz
inGaAs//nAL4s-based tripier with very promising results.

Index Terms—CAD, Heterostructure Barrier Varactor (HBV), harmonic
balance, submillimeter-wave technology, frequency multiplier.

I. INTRODUCTION

Varactor frequency multipliers play a key role in developing
solid-state power sources at terahertz frequencies. Heterostruc-
ture barrier varactors represent a very interesting technological
alternative to traditional Schottky diodes providing an alterna-
tive for the fabrication of frequency multipliers at millimeter-
wave and submillimeter-wave bands [1], [2].

An HBV is a symmetric device composed of a high band-
gap undoped or sligthly doped semiconductor (barrier), placed
between two low band-gap highly doped modulation layers.
When an external bias is applied across the device, electrons
are accumulated on one side of the barrier and deplected on the
opposite side providing a voltage-dependent depletion region
in one of the modulation layers. When the structure presents
symmetry, an even C-V characteristic is obtained

HBV diodes show several advantages for the implementa-
tion of frequency multipliers:

• An easier power handling due to the possibility of
stacking several barriers in a single device.

• The achievement of odd multiplication factors with no
need of filtering the even harmonics of the RF signal.

• No bias is required for HBV multipliers with odd multi-
plication factors, contrarily to Schottky ones.

The integration of numerical simulators for active devices
into circuit simulators avoids the need an equivalent-circuit
model extraction providing another degree of freedom to
improve the performance of circuits because they can be
designed from both the device and the circuit point-of-view.
The scope of this paper is to present a design tool for
HBV-based multipliers at millimeter-wave and submillimeter-
wave bands employing a physics-based HBV numerical model

This work was supported by the Spanish National Research and Development Program
under project number TEC2005-07010-0O2-011TCM.

The authors are with the Department of Sefiales, Sistemas y Radiocomunicaciones of
the Univergidad Politècnica de Madrid, E.T.S.I. TelecomunicaciOn, Ciudad Universitaria
sin, Madrid, E-28040 SPAIN (phone: +34 91-336-73-58; fax: +34 91-336-73-62; e-mail:
jesus@ gmr.ssr.upn-Les).

coupled with an external circuit simulator analogous to that
one described for Schottky multipliers [3].

Our HBV simulator incorporates accurate interface con-
ditions to account for the most important current transport
mechanisms in an HBV: Thermionic emission of electrons
over the barrier and electron tunnelling through it. The do-
minating one is determined by the temperature, bias vol-
tage, effective barrier height, doping and thickness of the
barrier and modulation layers. The physics-based model also
incorporates different materials systems: AlGaAsIGaAs or
AlAslAlGaAsIGaAs on GaAs substrate, InAlAs finGaAs
or AlAs I InAlAs I InGaAs on InP substrate.

The validation of the numerical simulator has been per-
formed with experimental results for devices and multipliers
fabricated at the University of Virginia (UVa), Charlottesville
(USA), and at Chalmers University of Technology, Goteborg
(Sweden) [1], [2], [4], [5].

The physics-based model for HBVs is presented in Section
II. The validation of this analysis and design tool is carried
out in Section III. An analysis of different critical aspects of
HBV-based tripler design is accomplished in Section IV. Some
conclusions are drawn in section V.

HBV PHYSICAL DEVICE MODEL

The electrical performance of the HBV diodes is investiga-
ted with a one-dimensional (1-D) drift-diffusion formulation.
The recombination rate is modelled by the Shockley-Read-
Hall recombination, and the generation rate is restricted to
impact ionization [6].

Our physics-based model incorporates accurate boundary
and interface conditions. We impose Dirichlet's boundary con-
ditions at metal contacts for Poisson's and carrier continuity
equations [6]. On the other hand, thermionic and thermionic-
field carrier transport at the barriers is imposed at the different
interfaces caused by the material composition discontinuities

[7].
Tunelling transport through the barrier is significant espe-

cially for HBV diodes with high doping in the modulation
layer. In this model, the time-independent SchrOdinger's equa-
tion is solved using the transfer matrix approach [8] particu-
larized for HEW barriers. The same grid defined for Poisson's
and carrier continuity equations is used for SchrOdinger's
equation.

The coupling of the physical device model and the circuit
simulator is omitted in this paper but a detailed description
can be found in [3].

III. VALIDATION OF THE PHYSICAL MODEL

Our physical model has been validated with measurements
for several HBV diodes with different material composition,
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Diode and

Composition Materials

Modulation layer Barrier

Doping

(cm-3)

Length

(mm)

Length

(n,rn)

UVa SHBV [1]:

A10.7Ga0.34siGaAs
1017 335 21.5

UVa-NRL-1174 (4-barrier)[1]:

A/0.7Ga0.3.4s/Gails
8 . 10 16 250 20

SHBV [9]:

A/As//n0,52,4/0.48As/

In0,53Ga0,47 AS

1017 300 5/3/5

modulation layer thickness, doping level, and area. The para-

meters for diodes analyzed in this paper are provided in Table

], [9]
TABLE I

HBV DIODE PARAMETERS FOR DEVICES ANALYZED

A good agreement for I-V and C-V characteristics is de-
monstrated for AlGaAsiGaAs HBV-based diodes: Fig. 1(a)
represents the DC characteristics for a single-barrier HBV, and
Fig. 1(b) shows the DC performance for a four-barrier HBV.
For these simulations, the barrier height has been fitted as was
suggested in [1]: = 300 mel7 for A/0.7Ga0.3As/GaAs
barriers. There is also a good agreement for InGaAs1 InAlAs
HBV diodes. However, no fitting parameters have been used
for this device.

We have also performed RF simulations for two frequency
triplers reported in the literature [1], [5] based on devices of
table I. Efficiency versus input power for the AlGaAsIGaAs
SHBV tripler at 300 GHz is analysed in Fig. 2. Efficiency
levels obtained are in good agreement with experimental data-.
A — 10% efficiency is obtained, while the maximum expe-
rimental efficiency [10] for the same device and in a similar
range of input frequency, 70-100 GHz, is about 13% at 5 mW
of input power. The load impedance at the output Zg(3f0 ) was
optimized for maximum efficiency, Zg(3f0 ) (6 + j8)Q,
while at the fundamental frequency the load is matched for
each input power. Regarding the InGaAs1 InAlAs HBV-
based tripler, we obtained a — 13% in good agreement with
scaled measures for the same structure with four barriers [5]
as showed in Fig 3.

3X100 GHz Triplet
.
: single-barrier GaAs/A6Ga o.,As HBV, A=57,

2
 (T=300 K)

1, 1

F'i
,
. 2. Simulated efficiency versus input power for a single barrier

AlGaAsIGaAs HBV-based frequency triplet The diodes parameters are
indicated in Table I.

250 GHz HBV Tripler at Room Temperature

Fig. 3. Simulated and measured efficiency versus input power for
InGaAslInAlAs single-barrier HBV-based frequency multiplier [5]. The
diode parameters are indicated in Table 1.

The selection of the impedance for the third harmonic ig
crucial for frequency triplers. The optimum values for the
selected input frequency and power level are summarized in

Fig. 1. Simulated and measured 1-V and C-V characteristics for HBV diodes Table II, together with the matched impedance values for the
[1], [2], [9]. The diode parameters are indicated in Table I. fundamental frequency.
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TABLE II
MAXIMUM CONVERSION EFFICIENCY AND IMPEDANCE LEVELS OF

HBV-BASED FREQUENCY TRIPLERS.

Multiplier n(%) Z(3 f0 ) SZ Z(f0 ) S2

UVa SHBV:

( A10 . 7 Ga0 . 3 As IGaAs)

3X100GHz , 5 triW

,-., 10% 6 ± j8 3 + j22

SHBV [9]:

AlAslIno. 52 A10.48.As/

/no. 53 Ga0, 47 As

3X82.5 Gliz, 12.5 mW

13% 9 j13 3 :121

HBV-BASED MULTIPLIERS: DEVICE, CIRCUITAL AND
THERMAL ASPECTS.

The capabilities of our simulation tool for the analysis
and design of frequency multipliers have been demonstrated
for single or multiple barrier HBVs, with different material
compositions, and in a wide range of input powers and fre-
quencies. In this section, an in-depth analysis on the influence
of the device structure and some limiting mechanisms is
illustrated for the UVa SHBV-based frequency 3X100 GHz
tripler presented previously.

A. Impact of the device structure

First of all we must select the number of barriers taking
into account the required power handling. When the number
of barriers in an HBV is increased, the maximum efficiency
is achieved for higher input power levels, Fig. 4, and this
increment is approximately proportional to the number of
barriers. The matched impedance at the fundamental frequency
is also scaled by the number of barriers. The multiplier circuit
is more sensitive to changes in the embedding impedances
at low-input power levels as compared to high-input power
levels.

Fig. 4. Simulated efficiency versus input power for a 3x100 GHz frequency
multiplier and different number of barriers. The basic diode parameters has
been presented in Table I.

Once the number of barriers is selected, the device structure
must be optimised. For thin and highly doped modulation

layers, the maximum of efficiency increases and is achieved
for higher input powers, Fig. 5.

3X100 GHz Triple!, sing.barrier GaAs/A6 7Gao ,As HBV, A=57em2 (T=300 K)

input power (dBm)

Fig. 5. Simulated efficiency versus input power for a single-barrier HBV-
based 3x100 GHz frequency multiplier for different modulation layers lengths
(I d ) and dopings (Nd).

Finally, the area can be selected in order to get the maximum
efficiency for the selected input power level.

B. Impact of avalanche breakdown

Figure 6 presents the influence of the carrier generation by
impact ionisation on the tripler performance. When the voltage
swing is high enough for reaching the breakdown voltage,
a significant decrease in the efficiency is caused. Therefore,
when the modulation layers are designed, the breakdown
volatege of the HBV must be taken into account for power
handling design.

3X100 GHz Triplet-, single-barrier GaAs/Abi Ga0.3As HBV, A=57,2 T=300 K)

• Nd=5 . 10 16 (cm 3) Impact loniz. NOT included
Nd=5 . 10 16 (cm-3) Impact loniz. included
Nd=8 . 10 16 (crn-3) Impact loniz. NOT included

TKNd=8 . 10 16 (cm-3) Impact loniz. included
Nd=1 . 10 17 (cm-3) Impact loniz. NOT included
Nd=1 . 10 17 (cm 3) Impact loniz. included
Nd=5•10 17 (cm 3) Impact loniz. NOT included

• Nd=5 . 1017 (cm 3) Impact loniz, included
Nd=8 , 10 17 (cm 3) Impact loniz. NOT included

▪ Nd=8-10 17 (cm 3) Impact loniz. included

E 15

10

5

-4

Fig. 6. Impact of avalanche breakdown on efficiency versus input power
characteristic for a single-barrier HBV-based 3x100 GHz frequency multiplier
as a function of modulation layer doping.

C. Impact of Device Temperature

It has also been demonstrated in [1 1], [12] that the increase
in the temperature has a crucial responsibility on the decrease
in the efficiency for HBV-based frequency multipliers, 7.
In fact, self-heating could be the limiting mechanism for
frequency multiplication if a proper thermal design is not
carried out [11].
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3X100 GHz single-barrier GaAsiA.6 .7Gao.,As HBV , A
=

57 5m2

Fig. 7. Simulated efficiency versus input power for a single-barrier HBV-
based 3x100 GI-1z frequency multiplier as a function of room temperature.

D. Loads at the fifth harmonic

One of the most important advantages of HBV-based mul-
tipliers is the generation of odd harmonics without filtering
the even ones. This capability is based on the symmetry
of the electrical characteristics for unbiased devices. Thus,
the load impedances for even harmonics have no effect on
the efficiency characteristic. However, the fifth harmonic load
impedance has a significant influence on the tripler conversion
efficiency as illustrated in Fig. 8. In this figure, the evolution of
efficiency versus imaginary part of the embedding impedance
for different real parts is presented.

Efficiency as a function of 45%)
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V. CONCLUSIONS

The flexibility of our CAD tool allows the joint design of the
internal HBV structure and the external circuit. The advantages
of this integrated strategy has resulted in two designed triplers
with good agreement between simulated results and experi-
mental data at frequencies up to 300 GHz. This tool offers
the opportunity to understand some limiting mechanisms in
HBVs, such as self-heating effects and avalanche breakdown,
and to mitigate them through a proper design.
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A High Efficiency Multiple-Anode
260-340 GHz Frequency Tripler

Alain Maestrini, Charlotte Tripon-Canseliet, John S. Ward, John J. Gill and Imran Mehdi

output waveguides see Fig. 1).
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Abstract— We report on the fabrication at the Jet Propul-
sion Laboratory of a fixed-tuned split-block waveguide bal-
anced frequency tripler working in the 260-340 GHz band.
This tripler will be the first stage of a x3x3 x3 multiplier chain
to 2.7 THz (the last stages of which are being fabricated at
JPL) and is therefore optimized for high power operation. The
multiplier features six GaAs Schottky planar diodes in a bal-
anced configuration integrated on a few gm-thick membrane.
Special attention was put on splitting the input power as evenly
as possible among the diodes in order to ensure that no diode is
over-driven.. Preliminary RF tests indicate that the multiplier
covers the expected bandwidth and that the efficiency is in the
range 1.5-7.5 % with 100 mW of input power.

Index Terms— Local oscillator, varactor, planar diode,
Schottky diode, frequency multiplier, frequency tripler, bal-
anced iripler, submillimeter wavelengths.

I. INTRODUCTION

Frequency multiplication offers the possibility to create
tunerless compact frequency-agile terahertz sources working
at room temperature that are well-suited to pump Hot Elec-
tron Bolometer (HEB) mixers [1],[2]. Nevertheless, there
has been no demonstration of a fully solid-state local oscilla-
tor at frequencies above 1.95 THz. This limitation is due in
part to the lack of drive power in the 600-1200 GHz range,
which can in turn be traced to the power available in the
200-400 GHz range. The purpose of the current work is to
create a wideband 300 GHz source with sufficient output
power to be used as a first stage of a x3 x3 x3 chain to
2.7 THz.

II. DESIGN & FABRICATION

A preliminary design of the balanced 260-340 GHz tripler
along with the predicted performance have been presented
in [3]. The tripler is a split-block waveguide design that fea-
tures six Schottky planar varactor diodes, monolithically
fabricated on a ---5 gm-thick GaAs membrane. The chip is
mounted in a channel that runs between the input and the

The research described in this paper was carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under a contract with the
National Aeronautics and Space Administration and at the Universite Pierre
et Marie Curie – Paris 6 and the Observatory of Paris.

A. Maestrini is with Laboratoire des Instruments et Systemes d'Ile de
France - Universite Pierre et Marie Curie, 4 place Jussieu, case 252, 75252
Paris cedex 5, France, and is associated with Laboratoire d'Etude du
Rayonnement et de la Matiêre en Astrophysique, Observatoire de Paris,
France. Email : alain.maestrini@lisifjussieufr
J. Ward, J. Gill and I. Mehdi are with the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology, MS 168-314, 4800 Oak Grove Drive, Pasa-
dena, CA 91109, USA.
C. Tripon-Canseliet is with LISIF Universita Pierre et Marie Curie, Paris,
France.

Fig. 1. 3D view of the bottom part of the waveguide block (partial view)
with the 300 GHz tripler chip. The device is fabricated on a 5 pm thick
GaAs membrane substrate. It features six Schottky diodes in a balanced
configuration. The total length of the device is about 1 mm.

Fig. 2. 3D view of the entire 260-340 GHz frequency tripler. The total
length of the matching circuit in the input waveguide is about 14 mm. The
total length of the circuit is 20 mm.

An E-plane probe located in the input waveguide couples
the signal at the fundamental frequency to a suspended mi-
crostrip line. This line has several sections of low and high
impedance used to match the diodes at the input and output
frequencies and to prevent the third harmonic from leaking
into the input waveguide. The third harmonic produced by
the diodes is coupled to the output waveguide by a second
E-plane probe. The bandwidth of the multiplier was ex-
tended by adding to the input waveguide a succession of
sections of high and low impedances [3]. With respect to the
design presented earlier, the current design uses exactly the
same device, but the waveguide input matching network has
been slightly modified and the step in the output waveguide
has been removed. The predicted performance of the final
circuit are very similar to those published in [3].

Fig.1 shows a schematic of the 260-340 GHz tripler chip
while Fig. 2 shows a schematic of the entire multiplier.
Fig. 3 shows two pictures of a tested multiplier. Note that
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the output probe on this particular chip is defective: it is
only 50 gm long instead of 90 gm. At the time this paper
was written, this was the only device available for testing.

Fig. 3. Photograph of the bottom part of the waveguide block with a
300 GHz tripler chip and the DC capacitor installed (top). Detail of the 260-
340 GHz tripler chip (bottom). NOTE that the output probe on this particu-
tar chip is defective: it is only 50 um long instead of 90 1.1.111 (compare with
the 3D schematic of Fig. 1).

III. PRELIMINARY MEASUREMENTS

The output power of the 260-340 GHz tripler was meas-
ured at room temperature using an Erickson Instruments
PM3 power meter [4] and a one-inch long WR10 to WR3
waveguide transition. No corrections were made for the
losses in the waveguide transition. Fig. 4 shows the output
power and the conversion efficiency across the band while
keeping the input power at 100 mW (except near the edges
of the band). The bias was optimized for each frequency
point. Despite the defective output probe, this multiplier
shows excellent performance and covers the entire band
260-330 GHz band. Due to limitations of the W-band drive
source, no measurements were made above 330 GHz, so it is
not clear if the multiplier does actually reach 340 GHz as
predicted.

The efficiency of the multiplier as a function of the input
power was measured at room temperature by varying the
input power from 3 mW (+4.8 dBm) to 192 mW (+22.8 dB)
while optimizing the bias at each input power level (see
Fig. 5). The output frequency was fixed at 318 GHz where
the efficiency was close to the maximum and where almost
200 mW of drive power was available. Fig. 5 shows that the
efficiency saturates at relatively low input power (+9 dBm =
8 mW) and decreases with the increasing input power above
+9 dBm. This decrease of the efficiency becomes more no-
ticeable for input power levels above +17 dBm (50 mW).
This may indicate that the diodes are overheating due to the
thin substrate under the diodes. No thermal study has been
performed yet to verify this hypothesis.

Simulations were performed to estimate the impact of the
flawed output probe (see Fig. 6). The 3D structure of the
actual multiplier was re-simulated with a finite-element EM-
solver (Ansoft HFSS V10.1). Fig. 6 shows the predicted
performance of the defective chip biased with the same DC
voltage and pumped with the same input power as the meas-
urements. The results of this simulation are compared to the
measurements in Fig. 6. The difference between measure-
ments and predictions is in the range -3.2 dB to -1.2 dB (ex-
cluding a relatively narrow resonance around 300 GHz). It is
important to note that these simulations where performed
with the same set of parameters (series resistance, intrinsic
junction capacitance, metallic losses, etc.) as the one used
for the optimization of the circuit [3]. No retro-fit has been
made. Since only one chip has been tested, it is impossible
to say at this point if the initial predicted efficiency will be
matched with a better chip, but it does appear likely that the
predicted bandwidth will be achieved.

Fig. 6 also shows the predicted performance of the multi-
plier with a normal chip when pumped with a flat input
power of 100 mW and when biased with a voltage of -13V.
The same simulation is performed by replacing the normal
chip by the defective chip. These simulations indicate that
the performance of the multiplier should improve noticeably
when a non-defective chip is mounted into the waveguide
block. An increase of at least +3dB with respect to the
measurements is expected for the lowest frequencies while
an increase of at least +1d13 is expected at the high end of
the band.

IV. CONCLUSION

The preliminary results presented in this paper show that
Schottky frequency triplers operating at 300 GHz can have
both wide electronically-tunable bandwidth and high con-
version efficiency. On-going research at the Jet Propulsion
Laboratory in collaboration with the Universite Pierre et
Marie Curie-Paris 6 and the Observatoire de Paris focuses
now on power-handling and power combining to increase
the power produced at 300 GHz.
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Frequency Sweep, Optimized Bias
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Fig. 4. Frequency sweep across the 260-330 GHz band. Input power is kept constant except at the edge of the band due to the roll-off of the W-band power
amplifiers used for the measurements.

Input Power Sweep at 318 GHz , Optimized Bias
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Fig. 5. Power sweep at the output frequency of 318 GHz. The bias is optimized for each input power level.
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DATE: 2006-05-05

12

10

260 270 280 290 300 310

-T

320 330 340

17th International Symposium on Space Terahertz Technology P2-5

Measurements vs. Simulations at Room Temperature

Predicted efliciencyofNORMal. chip with Pin=100 mVV& Vic= -13V

Predicted eficiencyof DE FE GINE chip with Pin=100 mIN& \k1c= -13V

IVbasured eficiencyof DE FE GME chip with oplim um Vdc

Predicted efficiencyof DE FECTNE chip with Pin & V:Ic as used during the measurement

ACKNOWLEDGMENT
•

The authors are grateful for the helpful technical dis-
cussions with Dr. Goutam Chattopadhyay and for the
superb fabrication of the 260-340 GHz waveguide blocks
by the JPL Space Instruments Shop.

REFERENCES

[1] A. Maestrini, J. Ward, J. Gill, H. Jayadi, E. Schlecht, G. Chatto-
padhyay, F. Maiwald, N.R. Erickson, and I. Mehdi, -A 1.7 to
1.9 THz Local Oscillator Source," IEEE Microwave and Wireless
Components Letters, Vol. 14, no. 6, pp. 253-255, June 2004.

[2] A. Maestrini, J. S. Ward, H. Javadi, C. Tripon-Canseliet, J. Gill,
G. Chattopadhyay, E. Schlecht, and I. Mehdi, "Local Oscillator
Chain for 1.55 to 1.75 THz with 100 pW Peak Power," IEEE Mi-
crowave and Wireless Components Letters, Vol. 15, no. 12, pp.
871-873, December 2005.

[3] A. Maestrini, C. Tripon-Canseliet, J. Ward, H. Javadi, J. Gill, G.
Chattopadhyay, E. Schlecht, and I. Mehdi, Multi Anode Fre-
quency Triplers at Sub-Millimeter Wavelengths", in Proceedings
of the 16

1h
 International Symposium on Space Terahertz Technol-

ogy, G6teborg, Sweden, 2-4 May 2005.
[4] N.R. Erickson, "A Fast and Sensitive Submillimeter Waveguide

Power Sensor," in Proceedings of the 10th International Sympo-
sium on Space Terahertz Technology, pp. 501-507, Charlottesville,
VA, 1999. Available from Erickson Instruments LLC, Amherst,
MA.

236



17th International Symposium on Space Terahertz Technology ABSTRACT P2-06

A Design Methodology for Planar Triplers in Coplanar Waveguide on Thick Membranes

W.S. Truscott, P. Klasmann and R. Sloan

School of Electrical and Electronic Engineering
University of Manchester

PO Box 88
Manchester, M60 1QD, UK

The local oscillator is a key element of any Terahertz receiver. A typical Schottky mixer
requires a drive of —1 mW to achieve good conversion gains and noise figures. In many
currently operating systems this power is provided by a chain of frequency doublers and/or
triplers driven by a Gunn diode oscillator. This chain is implemented by a sequence of
waveguide blocks in which both non-linear elements and filter structures are mounted on thin
quartz membranes. These structures have a number of advantages for space applications
including ruggedness (with the possible exception of the membranes) and good handling of
the inevitable heat dissipation. On the other hand the weight of the waveguide elements
would become an issue if a large number of local oscillators were required, as would be the
case in a focal plane array.

We report research into methods of designing planar frequency triplers on GaAs substrates
using coplanar lines to provide the impedance matching and frequency filtering elements for
GaAs Schottky diodes. A methodology has been evolved that enables optimised tripler
designs to be achieved without the exceptional computing times that would be needed for the
unguided optimisation of a particular design topology. This methodology will be presented in
this paper.

This research has identified a number of issues that are significant in determining the
efficiency of coplanar waveguide structures in tripler circuits. The most significant of these is
the excitation of substrate modes which can be minimised by using thick (20 gm) GaAs
membranes for the substrate. These provide greater ruggedness and lateral thermal transport
than the more commonly used thin membranes (-1 lam). Mode conversion is an inevitable
problem with coplanar waveguide junctions, but can be controlled by the use of bridges
between grounds at appropriate places. A further problem, which is unique to frequency
triplers is the very short distance between the fundamental feedpoint and the 50 Q third
harmonic output point on the circuit. The methodology is based on recognising this as a major
issue and deals directly with this problem. A final issue is the incorporation of a good
representation of the Schottky diode with its parasitic elements within the electromagnetic
software model. This issue will be specifically addressed within this paper.

The conclusions of the design study, supported by experimental work, is that coplanar
waveguide triplers are feasible and can have useful efficiencies, but cannot achieve the
efficiencies of the best waveguide structures. They are therefore good candidates for
implementing local oscillators up to 500 GHz, but are unsuitable for applications where a
chain of multipliers is required.
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Experimental study of the harmonic generators and
detectors, based on superlattices in wide frequency range

600-2200GHz.
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Radiophysics Department, Nizhny Novgorod State University, Russia,
1Kapteyn Institute, Groningen University, Netherland,

2SRON-Groningen, Netherland
3Ioffe Physico-Technical Institute, St.Petersburg, Russia.

We present an experimental study of the harmonic generators based
on superlattices at room temperature in wide frequency rang
600-2200GHz. The non-biased superlattice diodes was driven by an
electric field with of 120-140GHz and 190-220 GHz. The frequency
synthesizers (20GHz) with frequency multiplier chains and MIMIC
[1] power amplifiers was used for pump. We measured the power
spectrum of output signal using Fourier Transform Spectrometer with
cooled Si-bolometer. We observed intensive enough 3th (apr.
50-100mkW), 5th (apr.10-20mkW),7th (apr.1-2mkW),9th(apr. less
0.1mkW) and llth(apr.1-20 pW) harmonics.

We present also an experimental study the detector, based on
superlattices at room temperature in wide frequency rang
600-2200GHz. For this we used the second generator of harmonics
with bias such as harmonic-mixer with the same frequency
synthesizers (20GHz) with frequency multiplier chains and MIMIC
[1] power amplifiers for heterodyne pump. For investigation we used
the first harmonic generator such as the source of the THz signal.

In a result in a report we demonstrate that a transmission line for
frequency range 600-2200GHz can be achieved at room temperature by
making use of superlaftice devices for both generation and detection of
the radiation.

Experimental study of the harmonic generators

The central element of the harmonic generator was a superlattice electron
device (SLED). The SLED (Fig. la), prepared by a microstructuring
technique, had a quasi planar design with an active small-area
superlattice mesa in series with a large-area mesa serving as ohmic
contact [2].
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Fig 1: (a) Sketch of the SLED based on the GaAs/AlAs superlattice; (b)
SLED current-voltage characteristic at 300 K

High-frequency currents flew through a gold pad, the active element,
an n+ GaAs layer and the large-area mesa to the second contact pad or
in the reverse direction.
The superlattice (length 112 nm) had 18 periods, each period (length 6.22
nm) with 18 monolayers GaAs and 4 monolayers AlAs and was
homogeneously doped with silicon (2x10 18 cm3). The miniband width
(25 meV) was sufficient to lead to miniband rather than hopping
transport. By molecular beam epitaxy, we had grown, on an intrinsic-
GaAs substrate, an n+ GaAs layer (thickness 1.5 1,tm; doping 6x1018
cm 

3), 
GaAs/AlAs gradual layer (thickness 32 nm), then the superlattice,

again a gradual layer and n+ GaAs and an n+ InGaAs gradual layer (25
nm) and finally an n+ InGaAs layer (20 nm, doping 10 19 cm-3) serving as
ohmic contact. The gradual layers delivered smooth transitions with
respect to layer thicknesses and doping, respectively. The same type of
superlattice has been used for frequency multiplication [3].
Current-voltage characteristic of the SLED subject to a static voltage is
presented in Fig. lb. The current increases almost linearly for a voltage
smaller than the critical voltage (Ue), reaches its maximum value (In) at
the critical voltage and then decreases. Kinks in the current-voltage
characteristic can be attributed to the formation of the electric field
domain within the superlattice region.
Output spectrum of the harmonic generator was measured using Fourier
Transform Spectrometer (FTS). The non-biased superlattice diodes was
driven by an electric field with of 120-140GHz and 190-220 GHz. The
frequency synthesizers (20GHz) with frequency multiplier chains and
MIMIC [1] power amplifiers was used for pump. Absolute amplitude of
the response was not calibrated. Results of the tests at 300 K are
presented in Fig. 2a,b,c.
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Befor bolometer was used 12dB attenuation.
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Experimental study of the harmonic mixers

The principle of the semiconductor-superlaftice frequency harmonic
generators and mixers is based on the nonlinearity of the motion of
miniband electrons. The nonlinearity manifests itself in the current-
voltage (I-V) characteristic of a superlattice (Fig. 3a). Above a critical
voltage Vc (and also below -Ve) a current jump appears, which is due to
the formation of dipole domains. Under the action of the LO voltage, the
superlattice is periodically brought into states of domain formation and
annihilation (Fig. 3b), joint with current components at frequencies
which are multiples of the LO frequency.
An RF field with a frequency near one of the harmonics of the LO
frequency influences the domain dynamics and gives rise to a current,
joint with an field at an intermediate frequency (IF); we performed our
experiment with an LO frequency near 200 GHz and detected radiation
of a frequency more 300 GHz, produced by harmonic generator, based
on superlattice, by measuring the IF signal 0.5-5 GHz, i.e., we operated
the superlattice mixer in (2 -11)

th
 mixing order.

Fig. 4. Principle of the superlattice harmonic mixers. (a) Slope of an I-V
characteristic of a superlattice with current jumps at the critical voltages
Vc and — Vc; Ip, peak current. (b) LO voltage (frequency — 200 GHz)
with an amplitude exceeding the critical voltage Ve and RF voltage due
to the RF radiation (frequency more 300 GHz).

2000 2500500 1000 1500
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The typical IF signal (Fig. 4) showed a sharp peak and a broad
background (halfwidth — 100 kHz). The noise (level of 10 - 11 W at a
resolution bandwidth of 1 kHz) was caused by the frequency mixer.

io-6

"--+
IF

Fig. 4. IF signal at resolution bandwidth of 1 kHz (LO power 2-5 mW,
LO frequency 193 GHz, RF Power 100 p.W, RF frequency 963.7
GHz).
Reduction of the power of the RF radiation resulted in a corresponding
reduction of the signal peak.

Discussion

A superlattice mixer has already been used for stabilisation of a
submillimeter flux flow oscillator (frequency range 270 GHz to 440
GHz) [4] and of a backward wave oscillator (700-900 GHz) [5].
The creation and annihilation of a domain can take place within a time
which corresponds to a few times the electron relaxation time (— 10 -13 s).
Accordingly, mixing on the basis of domains in a superlattice should be
possible up to a frequency of few THz.
Our experiment also demonstrates that a transmission line for
submillimeter radiation can be achieved by making use of the
superlattice devices for both generation and detection of the radiation.
Support by the Russian Foundation of Basic Research (grant N
06-02-16598a) is acknowledged.
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AlGaN/GaN — based nanometric transistors.
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We report on resonant terahertz detection by two-dimensional electron plasma located in nanometric InGaAs/AlInAs and A

GaN/GaN transistors. Up to now the biggest part of the research was devoted to GaAs based devices as the most promising from the

point of view of the electron mobility. The resonant detection was observed/reported, however, only in the sub-THz range. According

to predictions of the Diakonov-Shur plasma wave detection theory the increase of the detection frequency can be achieved by reduc-

ing the length or increase the carrier density in the gated region. We demonstrate that the limit of the 1THz can be overcome by us-

ing ultimately short gate InGaAs/AlInAs and/or AlGaN/GaN nanotransistors. In the first one, InGaAs/AlInAs, - 50 nm length - gate

was processed. The inherent feature of AlGaN/GaN structures is high electron densities, reaching the values of 10 13 cm-2 which al-

lowed to obtain the detection over 1THz frequencies even for 150nm gate length devices. For the first time the tunability of the reso-

nant signal by the applied gate voltage is demonstrated. The photoresponse is interpreted in the frame of the Diakonov-Shur plasma

wave detection theory. We discuss the possible application of detection by nanotransistors in different types of THz spectroscopy

research.

Introduction

The terahertz (THz) range of frequencies is often referred to as

the "terahertz gap-, since it lies in between the frequency ranges

of electronic and photonic devices and it is hardly achieved

from the both sides. Therefore, the development of the THz

emitters and detectors is of the high importance. Dyakonov and

Shur, proposed to use the nonlinear properties of plasma

excitations in 2D gated electron gas for terahertz detectors,

mixers, and THz radiation sources [1,2] The plasma waves in a

field-effect transistor (FET) have a linear dispersion law [1],

w = sk , where s = Ve(Ugc -
U

th )1m is the wave velocity, Ugs

is the gate-to-source voltage, Um is the threshold voltage, e is the

electronic charge and m is the electron effective mass. This

plasma wave velocity is typically much larger than the electron

drift velocity. A short FET channel of a given length, L, acts as a

resonant "cavity" for these waves with the eigen frequencies

given by (oN = (00 (1 + 2N) , where N = 1, 2, 3, and the funda-

mental plasma frequency w o = Ve(ug, -Lich )I m I 2L can be

easily tuned by changing the gate voltage, Ug, . When COO <<1,

et is the momentum relaxation time), the detector response is a

smooth function of co and the gate voltage (broadband detector).

When coo-t>> 1, the FET can operate as a resonant detector. For

the submicron gate lengths, the resonant detection frequency t-

wo /21x can reach the THz range [1].

If the quality factor of the resonant cavity, cog>>1, the electron

flow in the channel may become unstable (at certain boundary
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conditions) with respect to formation the resonant plasma

oscillations. In this paper, we review our recent experimental

results for detection of terahertz and subterahertz radiation by

submicron heterostructure field effect transistors.

The basic idea of detection can be formulated as follows: An

electromagnetic radiation with the frequency co excites plasma

waves in the channel. The nonlinear properties of such waves

and asymmetric boundary conditions at source and drain lead to

the radiation-induced constant voltage drop along the channel

AU [1,2], which is the detector response. The experimental

exploration of the subject has begun long time ago, starting from

the observation of the non- resonant detection in high mobility

transistors [3 ,4]. A new boost to the research in this direction

was given by a series of publications [5,6,7], observation of the

infrared detection in short channel high electron mobility

transistors (HEMTs) fabricated from different materials and in

Si MOSFETs. The publications reporting non-resonant detection

were followed by demonstration of resonant infrared detection

in GaAS HEMTs [8,9] and gated double quantum well

heterostructures [10,11]. In all devices, the 2D plasmon was

tuned to the frequency of subterahertz radiation by varying the

gate bias.

Recently, we observed the resonant detection using THz sources

in the range from 0.7 to 3.1 THz [12]. The experiment was per-

formed on InGaAs/AlInAs and AlGaN/GaN HEMT with a 50

nm, 150 nm gate lengths respectively, employing the CO2

pumped FIR gas laser as a source of THz radiation.

Figure 1 presents the results of the photoresponse measured in

InGaAs/AlInAs-based devices. At the device temperature below

100 K, the shoulder becomes pronounced in the lower gate volt-

age side, in between -0.4 -0.3 V, in addition to the

temperature-independent non-resonant detection peak near the

transistor threshold voltage. It further evolves to the clearly re-

solved temperature-sensitive spike nicely visible below 40 K.

We attribute these peaks to the resonance detection of THz fre-

quencies by plasma waves. Since the electron mobility at 60 K

is about 36 000 cm 2/V-s, which corresponds to the momentum

relaxation time of 800 fs, we should expect the quality factor at

2.5 THz be of (00-rg----13. However, one can note, that even at

10 K, when the plasma resonance is visible around 0.33 V, it still

remains very broad, about 60 mV, or about 1.5 THz in frequency

domain. The corresponding relaxation time determined from the

resonance half width at half as height, = 1 /014f to be

=212 fs, and the quality factor coot 3 . This additional reso-

nance peak broadening shows that additional mechanisms of the

plasma waves damping must be involved. These mechanisms

might include the effect of ballistic transport [13]„ viscosity of

the electron fluid due to the electron-electron collisions [1] and a

possible effect of oblique plasma modes [14]. Figure 2 shows

the photoresponse at difference excitation frequencies at 10 K.

One can see, that with the increase of excitation frequency from

1.8 THz to 3.1 THz, the plasmon resonance moves to higher

gate voltages in a decent agreement with the calculated funda-

mental plasma frequency as a function of the gate voltage.

-0.4 -0.3 -0.2 -0.1 0.0

Fig.1: Photoresponse of InGaAs device vs. the gate voltage at Gate Voltage (V)
different device temperatures at 2.5 THz. For the sake of clarify;

curves are shifted in the vertical scale. Dashed lines show the Fig. 2. Photoresponse in InGaAs/AlInAs-based device vs. the

zero levels. (After Ref [12]) gate voltage at three different frequencies of excitation
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(1.8 THz, 2.5 THz and 3.1 THz) at 10 K. (right axis). Curves are

shifted in the vertical scale. Dashed lines indicate zero photore-

sponse at corresponding frequency. Arrows indicate resonance

positions. Calculated plasmon frequency as a function of the

gate voltage for Vth -0.41 V (threshold voltage) is shown by

the dash doted line (left axis). The error bars corresponds to the

linewidth of the experimental resonance peaks. (After Ref [12].)

-6 -5 -4 -3 -2 -1
Gate Voltage, Volt

Fig. 3. Photoresponse in AlGaN/GaN-based device vs. the gate

voltage at two different frequencies of excitation (0.761THz and

2.5 THz) at 4 K. (left axis). Curves are shifted in the vertical

scale. Dashed lines indicate zero photoresponse at correspond-

ing frequency. Arrows indicate resonance positions. Drain cur-

rent vs. the gate voltage at 4 K (right axis). Vth = -5.2 V (thresh-

old voltage).

Figure 3 shows the photoresponse at difference excitation fre-

quencies at 4 K. One can see, that with the increase of excitation

frequency from 0.761 THz to 2.5 THz, the plasmon resonance

moves to higher gate voltages. In a agreement with the calcu-

lated fundamental plasma frequency as a function of the gate

voltage.

The responsivity of the device was estimated to be of

the order of 1V/W. Such a low value is due to a weak coupling

of the THz radiation to the channel plasma, and to small area of

the device, capturing only a tiny fraction of the incoming THz

beam. According to the recent theoretical calculation [15] the

coupling could be dramatically increased by using large area

multi-finger design or employing THz antennas. Operating

temperature, required for the resonant detection, could be

increased then driving transistor into the saturation mode [16]

and ideally the temperature can reach 300 K.

To conclude, both resonant and non-resonant detection

of sub-THz and THz radiation exploiting plasma waves have

been observed in transistors of different materials including

InGaAs/AlInAs and AlGaN/GaN.
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TeraHertz Emission and Detection From Ion-
irradiated Ino 53Gao 47As Gated at 1.55 1,1,111

N. Chimot, J. Mangeney, R Crozat, K. Blary, J.F. Lampin

Abstract— We investigate terahertz (THz) emission and
detection from heavy-ion-irradiated I110.53Ga0.47As
photoconductive antennas excited at 1550 nm. The spectrum of
the electric field radiated from the Br irradiated In0.53Ga0.47As
antenna extends beyond 2 THz. The THz electric field
magnitude is investigated and shown to saturate at high optical
pump fluence.

Index Terms—photoconductive devices, electromagnetic
radiation, telecommunication, antenna measurements

I. INTRODUCTION

The generation and detection of coherent terahertz radiation
from photoconductive antenna has attracted considerable
interest as it is a way to reach the intermediate THz
frequency range. The best terahertz performance is achieved
by a photoconductive antenna, excited by —800nm optical
pulses, and made from low-temperature-grown (LTG) GaAs
material [1]. Efforts are currently made to extend the
spectral window of the excited signal to the 1.55 gm region.
The major benefits of using optical telecommunication
wavelengths are the access to optical-fiber technologies, the
stability of optical sources and cost reduction. High
radiation conversion efficiency for 1.55 gm wavelength
requires narrow band gap material with short carrier lifetime
and high resistivity. It has been shown that Fe-implanted
Ino 53Gao 47As lattice matched to InP is an efficient terahertz
emitter [2] and detector [3] using 1560 nm optical
command. We present Be-irradiated Ino 53Gao 47As
photoconductive antenna excited at 1.55 pm as an emitter
and detector of terahertz radiations. Ionic irradiation is an
efficient method to introduce defects, which act as efficient
trap and recombination centers for free carriers. Be-
irradiated Ino 53Gao 47As is found to have both sub-
picosecond carrier lifetime and relatively good electrical
properties [4].

PHOTOCONDUCTIVE ANTENNAS

Undoped 1-gm-thick n-type Ino.53Gao.47As layers were
epitaxially grown by gas-source MBE on semi-insulating
InP:Fe substrates. A mesa etching process was used to
define an In0.53Gao.47As absorbing area of 7x14 pm2 on the
InP substrate. The layers were then irradiated by 11 MeV
heavy ions (Br) at irradiation doses up to 2.10 12cm-2. With
their high initial energy, the ions used for the bombardment
are implanted in the InP substrate at a depth superior to 3
gm, and, according to calculations using " Stopping Range
of Ions in the Matter [3] software uniform damage profiles
through the Ino.53Ga0.47As layer are created. The
In0.53Ga0.47As layers are then free from ions used for
bombardment and the damages are only host atom
displacements distributed in defect condensates. Previous
studies have shown that these defect clusters have deep
energy levels that act as efficient capture and recombination

centers for free carriers. Degenerated pump-probe
experiments and Hall effect measurements were performed.
In figure 1 are shown the electron lifetime and the electron
mobility deduced from these measurements.

0.1 I I hull1 I I a aiaiil 10
2

109 	101° 1011 1012 1013

Irradiation dose (crn-2)

Fig. 1. electron lifetime and electron mobility as a function of irradiation
dose.

Ionic irradiation is an efficient way to tune the carrier
lifetime and to achieve subpicosecond values. When
In0,53Ga0,47As is irradiated at 1.10 12 ions / cm2, the carrier
lifetime is as short as 330 fs. A relatively good Hall mobility
of 490 cm2N.s and a resistivity of 3.1 Q.cm are also
measured. Antenna structures were fabricated by metal
evaporation and a conventional lift-off photolithographic
technique on this layer. In this work, Ti/Au coplanar
electrodes of our emitter and detector are separated by gaps
of 80 and 30 gm, respectively. Each electrode is 5 gm wide
and 20 mm long. The detector presents a 5 pm gap dipole
antenna.

MEASUREMENTS

In the experiment, 200 fs optical pulses with a repetition rate
of 14.3 MHz, delivered by a passively mode-locked fiber
laser (Calmar Optcom) operating at 1550 nm were used to
excite the both photoconductive switches via an optical
fiber. The excitation beam was focused on our
photoconductive antenna on a spot size of about 5 gm near
the anode of our antennas. We used high-resistivity silicon
hyper-hemispherical lens attached to the backs of the emitter
and detector antennas. Emitter and detector antennas are
separated by 5 cm. Ino 53Gao 47As photoconductive antenna
used for detection was irradiated by 1.10 12 ions / cm2 and is
gated by 3 mW. Figure 2 shows the signal waveforms
emitted by un-irradiated and 1.10 12 ions / cm2 irradiated
photoconductive antenna. They are respectively biased at 5
and 25 volts. The average optical excitation power is 3 mW.
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Fig. 2. normalized terahertz radiation waveforms emitted by un-irradiated
and 1.10

12
 ions / cm

2
 irradiated In0.53Gao.47As photoconductive antenna.

We observe a clear difference between the two waveforms
presented in figure 2. The amplitude of negative peak of the
signal emitted by the irradiated photoconductive antenna is
higher than for the un-irradiated photoconductive antenna.
Using the dipole radiation approximation in the far field,
these typical waveforms result from the temporal derivative
of the transient photocurrent. The main positive peak is
attributed to the rises of the surge current by photocarrier
injection and the carrier acceleration under the bias field.
The second negative peak is attributed to the decay of the
current governed by the carrier trapping time. This time is
clearly shorter in the irradiated photoconductive antenna.
This explains the difference between the two waveforms.
The positive peaks of the waveforms show a full-width-at-
half-maximum (FWHM) of 0.6 ps.
Figure 3 displays the radiation power spectra calculated
from the fast Fourier transform of the waveforms in figure 2.

1.2

1

0.8

0.6

0.4

0.2

00 0.5 1 1.5
Frequency (THz)

Fig. 3 Fast Fourier transforms of the temporal waveforms emitted by un-
irradiated and non ions / cm

2
 irradiated Ino 53Gao 47As photoconductive

antenna.

These spectra extends up to 1.6 THz. The maximum of the
spectrum is shifted from 0.15 THz for the un-irradiated
emitter to 0.40 THz for the 1.10 12 ions / cm2 emitter. The
fastest recovery of the photocurrent in the irradiated
photoconductive antenna explains this spectrum shift to the
higher frequency side [4]. The 30 dB dynamic range of the
Spectrum is limited by the signal to noise ratio of the
experiment. The absolute amplitudes are not compared
because of the critical positioning of the hyper
hemispherical lens.

IV. CONCLUSION

We have shown the generation and the detection of
electromagnetic terahertz radiation from ion irradiated
In0,53Ga0,47As photoconductive antennas illuminated by 1,55
[tm wavelength. This result opens new perspectives for the
realization of terahertz spectroscopic bench using the
telecommunication wavelength.
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Spectral Characterization of a 2.5 THz Multi-Mode Quantum
Cascade Laser
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Recently, terahertz-range semiconductor quantum cascade lasers (QCL) have attracted attention
as potential local oscillators in heterodyne receivers. The basic characterization of the lasers, such
as beam profiles, frequency and power stability as well as temperature and current-related
frequency tunability has been carried out Precise spectral analysis is required if the device is
going to be used for applications requiring very accurate absolute frequency, spectral purity and
fine frequency tunability, such as in heterodyne spectroscopy. By combination of Fourier
transform spectroscopy with heterodyne and homodyne mixing measurements it is possible to
create a complete picture of the QCL spectral output. We will report on the characterization of a
2.5 THz multi mode QCL with respect to mechanisms determining the laser emission frequency
and mode spectrum. The laser mechanism is based on a bound-to-continuum laser design. Laser
emission spectra at different drive currents and heat sink temperatures have been measured by
homodyne (QCL-QCL) and heterodyne (QCL-THz gas laser) mixing experiments. The analysis
shows that variations of the laser frequency and modifications of the mode spectra are caused by
fast processes which apparently control the gain of the device. The emission frequencies of the
QCL based on a bound-to-continuum design can be described by a formalism similar to a Fabry-
Perot-type cavity with additional corrections, depending on the QCL frequency and drive current.
The detailed study of the spectral characteristics provides basic data about the direction,
magnitude, and range of the frequency tunability of QCLs of this family/design. The data are
necessary for implementation of the laser in a THz heterodyne receiver for example on board of
SOFIA.
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Micromachined Spatial Filters for Quantum
Cascade Lasers

Abigail Hedden, Patrick Piitz, C. d'Aubigny, Dathon Golish, Christopher Groppi, Christopher Walker,
Benjamin Williams, Qing Hu, and John Reno

Abstract—Quantum Cascade Lasers (QCL) are the most
promising technology for producing compact, high power (> 1
mW), coherent signal sources above 2 THz. Due to their small size
(10 x 25 pm) and rectangular cross-section, the output beam
from a QCL laser cavity is highly divergent and non Gaussian A
single mode Gaussian beam is desirable for efficient coupling to
optical systems. We have designed a vvaveguide spatial filter for
this purpose. The 2.7 THz spatial filter consists of two diagonal
feed horns connected by one wavelength of square waveguide
(92 pm on a side). The mode filtering efficiency and far field beam
pattern of the structure have been modeled in CST Microwave
Studio. We have fabricated the filter in tellurium copper using
a Kern MMP micromilling machine. We present measurements
of the QCL's throughput and emergent power pattern with
and without the filter. Our preliminary findings suggest that
spatial filtering significantly improves the QCL beam pattern,
and further measurements are being made to more rigorously
explore these results.

Index Terms—Quantum Cascade Lasers, waveguide spatial
filters, terahertz, beam pattern.

I. INTRODUCTION

T
HERE is a growing need in the astronomical community
for high frequency (>1 THz), high spatial and spec-

tral resolution observations. Until recently, there has been a
lack of high resolution astronomical data in the THz regime
(1 THz — 10 THz) due to difficulties in constructing coherent
receivers and the poor transmission of Earth's atmosphere at
these frequencies. Space-based and airborne missions such as
Herschel and SOFIA have spurred advances that have helped
overcome some of these barriers, pushing the frontiers of
heterodyne receiver technology to 2 THz. Through diligent
efforts of many researchers, astronomers are beginning to tap
into the 1.3 and 1.5 THz atmospheric windows, obtaining
spectroscopic observations of important tracers including high-
J CO lines and the 205 pm [Nil] line, e.g., [1] —[3]. Spec-
troscopy at THz frequencies is providing a wealth of infor-
mation about the inner workings of our galaxy, encompassing

Manuscript received June 30, 2006. This work was partially supported by
a NASA GSRP grant, no. NGT5-50463, to A. Hedden. P. Piitz is partially
supported by DFG grano no. SFB494.
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1532; e-mail: ahedden@as.arizona.edu).
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B. Williams & Q. Hu are with Department of Electrical Engineering
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Institute of Technology, Cambridge, MA 02139, USA.
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Fig. 1. Microscopic and CAD images of a split-block half of the 2.7 THz
spatial filter structure. Two diagonal feed horns are connected by one
wavelength (Ag(TE10)=-- 140p,m) of 92 pm square waveguide.

protostellar cores, high-mass star formation, mechanisms of
formation and destruction of molecular clouds, and life cycles
of the galactic interstellar medium. These scientific goals
continue to drive the developing technology toward higher
frequencies and multi-pixel arrays.

Future missions will require spectroscopic capabilities at
even higher frequencies (2 THz — 6 THz), e.g., [4]. The
development of heterodyne instruments operating in this re-
gion depends upon the availability of coherent LO sources.
At these frequencies, current solid state LO chains may not
be capable of providing sufficient power much above 2 THz
[5]. Although gas lasers operating in the far infrared and THz
regime can supply sufficient mixer pumping power, their size,
weight, and operation requirements limit their utility. QCL
devices are the most promising technology for LO sources
above 2 THz.

The small physical size (10 m x 25 pm) and rectangular
cross-section of QCL devices lead to highly divergent, non-
Gaussian emergent power patterns ([6], [7], and this work).
Laboratory HEB-QCL receiver tests have been conducted at
2.8 THz [8] and 2.5 THz [9], but with relatively inefficient LO-
receiver optical coupling. We have designed, fabricated, and
tested a 2.7 THz waveguide spatial filter that transforms the
output of a QCL into a well-behaved Gaussian beam, thereby
permitting the implementation of efficient optical systems.

II. QCL WITH MICROMACHINED SPATIAL FILTER

A. Micromachined Spatial Filter

Hollow metallic waveguide devices have proven themselves
as efficient spatial filters in the far infrared and 'THz regimes.
Such a filter, machined at MIT Lincoln Laboratory, was
assembled and measured at 2 THz in Steward Observatory
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[10]. These devices have been fabricated to frequencies as
high as 5 THz using silicon laser micromachining techniques
[111. Recently, we have designed and metal machined a
2.7 THz spatial filter, consisting of two diagonal feed horns
(380 pm aperture) arranged back-to-back and connected with
one wavelength () g (TE10) = 140 pm) of square waveguide
(92 pin x 92 /tin, 170 pm long).

Feedhoms provide very efficient coupling 98%) for in-
cident Gaussian beam modes, while coupling very poorly to
any non-Gaussian components. The short section of waveguide
between the feed horns is designed to provide excellent modal
filtering; suppressing non-fundamental Gaussian modes by 6
orders of magnitude or more [12]. Spatially filtered signals
then exit the device via the other feedhom. In this manner,
the designed filter not only passes Gaussian components from
the divergent and non-Gaussian QCL emergent beam, but also,
it ensures that the spatial filter output is single-moded. The far-
field beam pattern of the filter's output was modeled in CST
MWS and the device was micromilled in tellurium copper
using a Kern MMP machine at Steward Observatory. Figure 1
shows CAD and microscopic images of the milled spatial filter
cross-section.

B. QCL Chip

The QCL device used in these measurements was designed
at MIT's Research Laboratory of Electronics and fabricated
at Sandia National Laboratory. It uses a lower radiative level
depopulation technique achieved through resonant tunnelling
and LO-phonon scattering [13]. Mode confinement is accom-
plished with a low-loss, double-sided metal-metal waveguide
fabricated via copper-to-copper thermocompression bonding
[14]. Combined, these features permit a high CW operating
temperature (110 K for device used in this work) and long
lasing wavelengths (2.66 THz or 2.75 THz depending on bias).
Figure 2 shows a microscopic image of the QCL chip and
device used in this work. The active volume of the device
is 19 pm x 800 pm x 10 pm (width, length, and height,
respectively) and 380 pW output power was detected at 5 K
operation with a Pyro detector and Winston cone mounted in
front of the 19 pm device facet.

Fig. 3. Schematic of the measurement setup used to produce the presented
beam patterns and cross-cuts. A 4.2 K Si bolometer mounted on moveable
X-Y stages was used as a detector. The QCL device was electrically chopped
with a 22 Hz square wave and was mounted on cold finger extension of a
LN2 cryostat, operated under stable temperature conditions. Motions of the
X-Y stages were controlled by a computer that also recorded the output of
the lock-in amplifier used during measurements.

III. MEASUREMENT SETUP

Figure 2 shows the orientation of the QCL with respect to
the spatial filter during beam pattern measurements. The QCL
chip is indium soldered to a slotted copper mounting plate that
was carefully aligned under a microscope so that the 19 pm
device facet faces the spatial filter's input diagonal horn. This
assembly was mounted to a copper cold finger of a LN2 dewar
and the temperature of the cold finger i-nount was monitored
(81 K) to ensure stability during operations. The QCL, chip
and spatial filter were enclosed in a metal cavity for beam
pattern measurements in order to reduce the risk that QCL
radiation not coupling into the filter could leak through the
cryostat window, resulting in spurrious measurements.

Figure 3 is a schematic of the measurement setup used to
produce the beam patterns presented in this work. The QCL
device was electrically chopped with a 22 Hz, 50% duty cycle
square wave at 11.50 V and 27 mA. A 4.2 K Si bolometer with
a Winston cone was used as a detector. The bolometer cryostat
was mounted to moveable X-Y stages capable of traveling a
total of 60 cm in each axis. The LN2 dewar was mounted
on an optical table with a 45° flat mirror to direct QCL
power toward the X-Y stages. The total optical path length
with the detector at the peak intensity location was 62.5 cm
(with 1.4 cm in vacuum). Mylar windows 0.5 mil thick and
0.5 inches in diameter were used for both cryostats. Eccosorb
was placed around the window and housing of the bolometer
dewar, the X-Y stages, optical table, and LN2 cryostat in
order to curb reflections during measurements. A Stanford
Research Systems SR830 DSP lock-in amplifier was used
during measurements. All motions of the moveable stages
were computer controlled. In order to allow for settling of the
bolometer cryostat, a dwell time of 2 s was used before each
measurement was made. The integration time per position was
2 s.
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(a) 2.66 THz Beam Pattern Without Spatial Filter (b) 2.66 THz Beam Pattern With Spatial Filter

Fig. 4. Beam pattern measurements (2-D maps and high res. 1-D cross-cuts) at 2.66 THz of "bare" QCL (a) and QCL + spatial filter (b). Power is
represented in arbitrary units. Resolution of 2-D maps is 0.9 and contours begin at 2a and increase in 20a steps to emission peak. Dynamic range achieved
is 22 dB and 19 dB for measurements made with and without the spatial filter, respectively. High res. (0.2 33 ) cross cuts were made in two dimensions across
the centers of each map. Gaussian fits to these cross-cuts yield 3 dI3 beam widths of 6.2° and 5.0° in "x" and "y" for measurements with the spatial filter
and 11.6 ° and 9.2 ° for the "bare" QCL.

IV. RESULTS

With the described measurement setup, two dimensional
(2-D) beam pattern measurements and high resolution 1-D
cross cuts were made with and without the spatial filter in
front of the QCL device. The results are presented in Figure 4.
Each of the 2-D beam pattern maps covers a total of 30 cm

30° with this experiment's optical path) in each dimension
and consists of raster-scanned measurements made at 1 cm
spacing, resulting in 0.9° spatial resolution. The intensity
scalings shown in the insets of Figure 4 represent power
detected in arbitrary units, allowing for relative comparisons
between data sets. The 2-D power patterns possess dynamic
ranges of 22 dB and 19 dB for measurements made with
and without the spatial filter, respectively. In addition, high
resolution (0.2°) 1-D cross-cuts were made across the "x"
and "y" centers of the maps.

Figure 4 indicates that spatial filtering improves the QCL
beam pattern quality significantly. Measurements of the beam
exiting the spatial filter show single-peaked, narrow features
that are more Gaussian in shape than the unfiltered QCL
output. For example, fitting Gaussian functions to the 1-D
data yield 3 dB beam widths of 6.2° and 5.0' in "x" and
"y" respectively for filtered measurements and 11.6° and 9.2°
for the bare QCL. The throughput efficiency of the spatial
filter is on the order of 10%; the ratio of peak power with
and without the filter is 7% and the ratio of the integrated
power within the 3 dB beam widths is 9%. This is a very
encouraging preliminary result for telescope receiver and array
applications, since 10% of the QCL device's output power
is single-moded and Gaussian.

The strongest peak features appearing in the map and
1-D scans of the unfiltered data are repeatable and seem
to be intrinsic to the QCL device's output, supporting the
interpretation that the observed output is divergent and non-
Gaussian, potentially the result of internal interference [6].
Smaller peak features present in all data sets may partially
arise from standing waves in the measurement setup. In

addition, there is a discrepancy in the 3 dB beam width of
the spatial filter simulated in CST MWS (23.3°) and the
measurements presented here 5.0-62'). This mismatch is
currently under investigation and has led us to redesign the
QCL cold finger extension to permit a larger cryostat window
and operation without the 45° flat mirror.

V. CONCLUSIONS AND OUTLOOK

We present a new method for improving the QCL beam
pattern using waveguide spatial filters incorporating back-to-
back feedhorns connected with square waveguide. We have
designed, micron-lined, and tested a 2.7 THz spatial filter with
a resonant-phonon-assisted THz QCL device. We present 2-D
maps and 1-D high resolution cross cuts of power patterns
with and without the spatial filter. Our results indicate that
spatial filtering significantly improves the QCL beam pattern
quality, with the emergent spatial filter signal being single
peaked and more Gaussian. The measured throughput of the
filter is r- 10%. Waveguide spatial filters provide a means of ef-
ficiently integrating QCLs into waveguide systems; e.g. power
dividers, couplers, mixer blocks, etc. Silicon micromachining
capabilities can extend the fabrication of waveguide spatial
filters into the high THz range ([11].
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Phase matched frequency mixing between telecom
wavelengths and THz radiation in a quantum cascade laser
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Abstract: Intra-cavity THz sideband generation at —1.3pm wavelength is demonstrated,
achieved by injecting a near-infrared beam into a THz quantum cascade laser (f=2.9THz,
)-10411m). This process is shown to be phase matched due to the phonon-induced anomalous
dispersion.

Owing to its large second-order susceptibility. GaAs is an interesting material for non-linear optical
generation [1]. The lack of birefringence on the other hand makes phase matching difficult to realise, therefore
limiting the non-linear conversion efficiency. However, owing to the anomalous dispersion produced by the
res(rahlenband, the refractive index at long wavelengths the far-infrared or terahertz (TI lz) range) is larger than
that in the mid- and most of the near infrared (NIR). This opens up the possibility of a 'nature phase matching
between the 11 Ii range and the NIR [2 J.

In this investigation a GaAs-based quantum cascade laser (QCL) [31 operating at 104pm T=2.9T11z, E=1 1.9meV)
is used both as a THz source and a non-linear medium. A NIR tunable diode laser, operating around 1300nm, is
coupled into the TElz QCL. Figure la shows the generated intra-cavity side-bands, which are clearly observed at
the difference and sum frequency of the II Li and NIR radiation [41. The phase matching condition was verified by
tuning the MR wavelength between 1260nm and 1 340nm and showed a phase matched point at 1 305nm (Fig 1b).
The conversion efficiency for the frequency mixing processes. P(co 1 -±03 )/P(co 1 ), is 1 X 1 e at the peak of the phase
matchin g curve, in reasonable agreement with the expected value. Recent investigations have demonstrated that
this phase matched point can be tuned towards 1550nm using modal engineering of the TF-Iz guide, such that the
TI-Tz refractive index is varied without effecting that of the NIR mode.

These results illustrate the possibility of detecting TIlz radiation using a up-conversion process of a low power
NIR laser and to transport the THz radiation on an optical carrier.

(a) (b)

Figure 1. (a) Near infrared spectrum from the output of the THz QCL (fiber coupled). The QCL is cooled to
14K and is operated in CW. Side hands are observed at co 1 +C�3 and o l -03 . b) Measured and expected
efficiency as a function of pump wavelength for the sum frequency process showing a broad phase matching.
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Analysis of the stable two-mode operation of a
4-sections semiconductor laser for THz generation

by photomixing
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Abstract—The stable two-mode operation of a 4-sections
semiconductor laser emitting at 135 pm is demonstrated and
analysed. The two mode operation only depends on the current
feed in the Bragg section. We interpret this special behaviour
by the presence of a saturable absorber within the structure.
An original model based on Lamb's theory which take into
account of a saturable absorber equation is developed in order
to confirm our hypothesis. The characterization of the two-mode
laser operation exhibits the possibility of terahertz (THz) wave
generation by photomixing using this device.

Index Terms—Two-mode operation, 4-sections lasers, Lamb's
theory, photomixing, terahertz .

I. INTRODUCTION

I
N this paper, we report on a 4-sections laser structure
able to operate continuously in a two-mode regime for

photomixing THz applications. This solution was already
explored at shorter wavelengths with LT-GaAs photodevice as
rectifiers. We consider here the later case but apply at the
1.55 itm wavelength in order to take benefit of the future
ultrahigh bandwidth uni-traveling carrier photodiodes [11 or
of newly developed THz photoconductor from ion-implanted
InGaAs [2], [3].

We have experimentally characterized the stable two-mode
operation of the 4-sections semiconductor DBR laser and
we propose here a physical explanation to this uncommon
behavior. Indeed, theoretical studies of semiconductor laser
dynamic have well illustrated only recentlythe possible mul-
timode behavior of semiconductor lasers [4]–[6] just like it
has long been observed experimentally. But a stable two-
mode operation has never been predicted with laser parameters
consistent with existing technologies. This is in accordance
with a strong coupling between longitudinal modes of a semi-
conductor laser that is partly related to the ultrashort intraband-
relaxation time 100 fs). We thus postulate the origin of this
stable two-mode regime outside the usual laser model, namely
by considering that a parasitic saturable absorber had been
accidentally brought by the implanted areas used for insulation
between the various laser sections. We discuss this hypothesis
in depth by means of the classical Lamb theory of two-mode
lasers [7].

II. THE 4-SECTIONS DBR LASER

The device is a classical 3-sections DBR laser (gain, phase
and Bragg sections) with an additionnal integrated amplifier
section. The Semiconductor Optical Amplifier (SOA) and the
gain section are built with the same 6 InGaAs quantum wells
(QW) epilayer while phase and distributed Bragg reflector
(DBR) sections are obtained after etching and localized re-
growth processes [8]. Optical gain is provided by the current
'Gain in the multiple QW. The laser beam is filtered by the
DBR that imposes the emission wavelength (ABragg) owing to
the injection current /DBR . The phase section inserted between
gain and DBR sections allows a fine tuning of the emission
wavelength by the electro-optical modification of the effective
index through the current I. Each section is electrically
insulated from its neighbour using electron implantation on a
few pin length area. The SOA section is bended and AR coated
at its end to reduce simultaneously the beam divergence and
drastically kill any optical feedback towards the DBR. A high
reflectivity coating is deposited on the rear facet to increase
the photon lifetime in the 3-section DBR laser. Complete
performances (16 nm tunability and 55 mW output power)
of this device are described in details elsewhere [8].

III. EXPERIMENTAL SET-UP

The experimental set up starts from a Suss PM5 Prober
that allows to simultaneously supply the different currents to
the laser and to couple the optical output of front and rear
facets using specific microlens [9]. The main advantage of the
selected configuration is to show that the two-mode operation
doesn't require the SOA section. Indeed, we measured a two-
mode laser operation on both sides (rear and front facet) of
the device whatever the value of the SOA injected current
/SOAP especially for is0A 0 mA. The major conclusion
of this primary experiment was to reject the hypothesis of
an imperfect antireflection coating at SOA end facet. Such
a reflection would have cause the 4-sections DBR laser to
behave as a coupled cavity device that is well known to
operate frequently in two mode regime. The occurrence of
a stable two-mode regime should thus be ascribe to the
3-sections DBR only, the SOA section contribution being
assumed subsequently to be a perfectly linear amplifier.
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During all experiments, the working temperature was con-
trolled owing to a thermoelectric cooler and stabilized within
a few hundredth of Kelvin. The optical output was fed in an
optical spectrum analyzer. The injection current was limited
for each section of the device in order to avoid any destructive
damage, namely scyAk 150 mA, -= 100 mA,
iDBRmax --='; 50 mA, = 30 InA.

TV. MEASUREMENT RESULTS

When increasing imm from 10 rnA to 50 mA, we ob-
served a succession of very different spectral behaviors of
the 4-sections DBR laser (see Fig. 1). Transition from stable
monomode generation to stable two-mode generation were
registered together with their reverse transition. This was
obtained while keeping all other parameters constant (T =
300 K, /s0A 100 mA, 'Gain = 80 mA and I = 0 mA).
More precisely the laser is strictly monomode everywhere
excepted for /DB11 close to 30 mA and to 40 rriA. Usually the
tuning process performed by /DBEZ, iS to put in coincidence
the Bragg maximum reflection and a Fabry-Perot (FP) mode
of the 3-sections laser. This behavior was observed with
ibBR increasing from 10 mA to 30 mA with a continuous
singlemode tuning of the output from 1.550 pm to 1.554 pm
over three FP mode hopping; the spacing between adjacent
modes being 8v 100 GHz in this structure. Similar features
were obtained for 30 mA < IDBR < 40 mA and for
/Dm, > 40 mA.

To the contrary, around /DBR 30 mA and iDBR

40 tnA, a stable two-mode laser operation is measured, the
two modes being separated by Si' 100 GHz, with balanced
powers. This two-mode laser operation must be first attributed
to the filtering of the DBR that roughly select two adjacent
FP modes. We confirmed this assumption when observing
that the two lasing modes at iDE3R ,c-z), 30 mA where just
shifted of 6v r 100 GHz from the two lasing lasing modes at
/
DBR 

40 mA.
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Fig. 1. Optical spectrum of 4-sections laser with ischk = 100 mA, /Gain =
80 mA et I = 0 mA. a/ ./DBR =-- 10 mA; bi /DBR = 30 mA; c/ IDBR =
35 mA; d/ /DBR = 40 rnA

Complementary investigations were directed in the vicinity
of previously observed stable two-mode conditions. At T
300 K and /DBR = 30 mA we varied the gain current and

phase current in conjunction in order to maintain a strict two-
mode operation with equal optical intensities on both modes.
Results are given in Fig. 2a. It is observed that a stable two-
mode operation is always possible as soon as /Gain exceeds
the laser threshold value. An increase of /Gaixi is accompanied
by a decrease of I of exactly the same value since slopes of -1
are observed on the guidelines. This shows that the efficiency
in index modulation of the phase section is exactly the same
that the one of the gain section. Overall behavior depicted
in Fig. 2 thus corresponds to a perfect locking on two given
adjacent FP modes by simply keeping the sum /Gain
constant. In more details the 4-sections DBR laser is locked on
the two modes A i 1549.96 nm and A9 = 1550.77 nm when
ith < /Gain < 45niA and it is locked on = 1551.21 nm and
A2 = 1551.98 nm when 45 mA < /Gai„ < 80 tnA. The I <
30 mA current limit gives the corresponding limited range of
locking and requires a mode hopping around icai„ 45 mA.

,...... \\,
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,
10. = 40 mA

0 _g
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Fig. 2. a/ Observed stable two-mode operation with equal intensities for
each mode as a function of gain and phase currents, Squares are some of the
observed conditions while lines are guide to the eye between them.
b/ Side mode suppression ratio (SMSR) measured as a function of device
temperature.

Another characteristic was obtained by measuring the side
mode suppression ratio (SMSR) of the 4-sections DBR laser
as a function of temperature. Result is given in Fig. 2b with
laser parameters of iDBR = 40 mA, /Ga i n 80 mA and
isoA -= 120 InA. The higher the SMSR the most singletnode
the 4-sections DBR. It was observed during experiments that
uncertainties in the figure are pretty well represented by the
size of square symbols. As seen, the 4-section DBR is highly
singlemode almost everywhere except in a small temperature
range around the room temperature. At this point, the SMSR
is shown to change from 40 dB to 0 dB in less than 5 K
when increasing the temperature and the reverse behavior is
obtained in 2 K when increasing T from 300 to 302 K. In
between, a stable two-mode behavior (SMSR < 3 dB) is
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obtained within a range of 3 K in temperature. When
referring to known values of the refractive index sensitivity
with temperature in InP materials [10], this range corresponds
to an overall modification of the guided mode refractive index
of about 6 10 -4 within the 4-sections DBR laser. Although
it is awfully stable when it occurs, the two-mode operation
thus requires a quite precise set of values for laser operating
parameters in order to be observed.

V. MODEL

The hypothesis to validate is that a saturable absorber may
transform a 'usual bistable semiconductor laser in a two mode
one. The most simple theory of two-mode laser comes from
Lamb theory [7] and involves only simple differential equa-
tions of time to describe the dynamical intensity evolution and
predict the occurrence of a two mode regime. It differs from
the usual rate equations commonly used for semiconductor
lasers for which numerous typical parameters are known [11].

A. Lamb's model of the two-mode laser with saturable ab-
sorber

The existence of a stable two-mode operation implies par-
ticular coupling conditions between these modes [7]. Lamb's
seminal analysis starts from two coupled ordinary differen-
tial equations describing the time evolution of mode optical
intensities Ii 

and 12

d11

dt
-131-1-1 

-01212)11
(1)=

d12

(It
(°2 - 02

1
2 021 1 1) /2

where the a i are unsaturated net gain and where O i and Oij are
self- and cross-saturation coefficients. It is thus straightforward
to show that steady state two-mode solutions in intensity are

012021

13102
(3)

is a dimensionless coupling factor that was shown by a
perturbation analysis to dictate the existence of the stable two-
mode operation. If C > 1, i.e. in the case of strong coupling,
only singlemode operation is possible and the laser is bistable.
This is the case expected for semiconductor lasers.

For stable two-mode operation, C < 1 is required. In
practice an additional physical process must be invoked to
reach this condition. This is easily obtained with a saturable
absorber having a saturation characteristic similar to the gain
medium [14 In other words, if we suppose a non-dispersive
saturable absorber a convenient modification of Eqs. (1) is
to include characteristics terms of saturable absorber optical
mode intensity -(1 - 12)):

thus leading to a new coupling coefficient that must be less
than 1 for possible stable two-mode operation with a saturable
absorber

C' = 
(012 - E) (09 1 - E) < 1 (5)
(th - E) (82 - E)

When combined with the obvious constraint that coefficients
in Eq. (4) muse all be positive, it yields

0min Pi,
/31 2

/32, 012, 021) > E > „ (C - 1)
ui2 v21 - /31 -

(6)
Provided that the condition Eq. (6) is validated, a bistable laser
with a saturable absorber may switch to a stable two-mode
laser.

B. Ninnerical estimation of Instable to two-mode operation

Numerical calculations were conducted using the typical
parameters of a multi-quantum well semiconductor laser, i.e.
a material gain g 4000 cm -1 , at a polarization current
of 10 mA above threshold, and a photon cavity lifetime of

1 ps• The adjustment between single mode Lamb's theory
and classical laser rate equations provided the numerical values
of the linear gain and the self-saturation coefficients to be used
in our model: a = 7.5 10 -2 ps-1 and /3 7.2 10 -6 p,m3pS-1.
Since our experimental device of interest operate on two
spectrally close modes, we assumed a l =- (/2 ---- a and

/31 = 132 = 13 in Eqs. (4). Starting from a naturally bistable
laser with C --- 1.2, we chose 0 1 9 =-- 0.973 and O .  = 1.33 /3 as
illustrating parameters. Then, Eq. (6) yields a corresponding
range for the self-saturation of the saturable absorber that is
0.9 > E/1.3 > 0.857.

Experimental observations of Fig. I have shown that the
two-mode operation depends on the DBR current value. It
comes from the spectral dependence of the end mirror reflec-
tivity provided by the DBR, the center wavelength of which
being roughly driven linearly by IDBR the framework of
our model, this has been accounted for by variations in linear
gains (ai 'y terms in Eqs. (4)) so that their sum remains
constant. This is a simple method to translate the effect of the
DBR without trying to model exactly its transfer function that
is out of the scope of the present work. This yields a 'relative
detuning' parameter that can explore extensively the tuning
practical possibilities of our true device.

Numerical calculations given in Fig. 3 illustrate the expected
behaviors when € lie without or within the range defined by
Eq. (6). On the one side (Fig. 3a), we chose ell3 0.8 that is
outside the previous range. The result is that the laser is always
bistable whatever the &tuning parameter should be. A mode
hopping is observed when the detuning parameter becomes
larger than 0.42 and the two-mode regime is observed in
the vicinity of this sudden change. On the other side (Fig. 3b),
we chose €/i3 --- 0.9 within the range defined by Eq. (6). The
major result is a smoothing of the transition between the two
modes that let open a detuning parameter range where the
laser is effectively two-mode.

This behavior is in perfect accordance with experimental
observations of Fig. 1 where an increase of /DBR produce

where

c=
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Fig. 3. Optical mode intensities obtained from Eqs. (4) as a function
of the relative detuning parameter accounting for the DBR (see text),
a l 	a2 = 7.5 10-2 ps- ', 131 = /32 = 7.2 10-6 it,m3ps-1,
012 =--- 6.481O6 ittn3ps -1 , 021 = 9.61 10-6 ttm3ps -1 . a/ E

5.76 10 -6 itm3ps-1 . it/ r = 6.41 10 -6 pcm3ps-1.

successive occurrence and vanishing of stable two-mode op-
erations. In order to accord in more details with experiments
where the two-mode regime appears twice as 1-DBR increases,
it would have been necessary to account more than two
modes in the model. Nonetheless, present calculations are
demonstrative and can serve to estimate the saturable absorber
parameters. It is however worth to note that the condition
of Eq. (6) is quite restrictive so that it can explain that
such a behavior may appear only with one technological run
whereas it does not with all others. Reason should be that tiny
variations in the laser gain material, in the process and/or in
the absorption produced by the implanted area have occurred.

We postulate that the two-mode regime comes from a par-
asitic saturable absorber inside the structure that was brought
by the implantation process devoted to electrical insulation
between the four different sections of the device. An ana-
lytical criterion has been established using Lamb's theory to
numerically simulate the complete device using rate equations.
Results are in agreement with our initial assumption and
typical parameters are obtained for the saturable absorber.

These devices are expected to be used for THz waves gen-
eration at 1.55 pm by photomixing using either uni-travelling-
carrier (UTC) photodiodes [1], ultrafast photoconductors [2] or
by the excitation of the THz plasma waves in nanotransistors
[14]. The present study may serve in the design rules to
willingly build such two-mode lasers and improve them in
order to produce very efficient and compact photomixing THz
sources.
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VI. CONCLUSION 1111

The stable two-mode operation of a 4-sections DBR semi- [12]
conductor laser has been characterized and modeled. The
optical frequencies of the modes are separated by approxi-

 [13]

matively 100 GHz. This behavior is obtained with two values [14]
of the current fed in the DBR zone. In the two mode regime,
the laser oscillates on two adjacent modes belonging to the
Fabry-Perot mode set. The stability of this behavior has been
studied as a function of phase current and temperature. In fact
such a behavior seems unlikely due to the strong coupling that
exists between two close Fabry-Perot modes.
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THz generation by optical rectification and
competition with other nonlinear processes

Z.Y. Zhao, S. Hameau, M. Voos, and J. Tignon

Abstract—We present a study of the terahertz (Tilz)
generation by optical rectification in a 2 mm thick <110> ZnTe
crystal. The conditions for the most efficient THz generation
are described. We investigate the competition between optical
rectification (OR), second harmonic generation (SHG), two
photon absorption (TPA) and free-carrier absorption in the
diffraction limit, for excitation spot sizes smaller than the THz
wavelength. We find that while free-carrier absorption
contributes significantly to reduce the THz emission, this
contribution does not depend on the excitation spot size. On the
contrary, two photon absorption induces a strong dependence
of the THz emitted power for decreasing excitation sizes.

Index Terms-Terahertz, optical rectification, two-photon
absorption, second harmonic generation, free-carrier
absorption.

I. INTRODUCTION

U

LTRA-FAST THz spectroscopy is a powerful technique
for studying a wide variety of materials including

gases, liquids and solids [1]. In this context, a now widely
used technique consists in generating THz pulses by optical
rectification of femtosecond laser pulses [2,3]. An ultra-fast
optical pulse is focused on a nonlinear crystal, which then
radiates a THz pulse with a duration of few cycles of the
electromagnetic field. In the spectral domain, the radiation
is broadband, from about 100 GHz to typically 3 THz for a
100 fs pulse. This process can also be seen as the result of
the frequency difference between all the frequency
components present within the optical pulse. For an
excitation with a typical Ti:sapphire mode-locked laser, the
generated THz power is in the range of only a few tens of
nW, which stresses the importance of understanding and
optimizing the THz generation in nonlinear crystals.

Efficient optical rectification requires using materials
with large second-order nonlinear susceptibilities and well-
suited phase-matching properties for THz generation. ZnTe
crystals with a <110> orientation offer one of the best
compromises in this context [4]. Unfortunately, when a
ZnTe crystal is irradiated with a high-power laser pulse,
other competing nonlinear processes such as second
harmonic generation, two-photon absorption and subsequent
free-carrier absorption may also occur, resulting in a
decrease of the THz generation [5,6,7]. Additional
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Jerome. Tignon@lpa ens. fr).

competing mechanisms have also been put forward, such as
the fact that upon tight focusing, the size of the THz source
(the laser spot size) becomes smaller than the typical THz
wavelength, resulting in a decrease of the THz generation
due to diffraction [8]. Nevertheless, to date, existing
analysis of this competition are not comprehensive and the
explanations are sometimes even contradictory.

In the present work, we investigate the THz generation by
optical rectification in a <110> 10x10x2 mm ZnTe crystal
as a function of power, focusing and crystal orientation. The
conditions for the most efficient THz generation are
described. Upon tight focusing, for excitation spot sizes
smaller that the THz wavelength, SHG, TPA as well as free-
carrier absorption are observed while the THz emission is
strongly reduced. We find that free-carrier absorption
cannot be neglected as often assumed in the past.
Nevertheless, because of diffraction effects, this
contribution is excitation size independent upon tight
focusing. On the contrary, TPA, which also contributes to
the reduction of the THz emission, strongly depends on the
excitation-spot size.

II. EXPERIMENTAL RESULTS

A. Optical rectification and THz emission

The excitation of the <110> 2 mm-tick ZnTe crystal is
provided by a 800 nm Ti: sapphire laser (100 fs pulses) at
300 mW, using a 4 cm focusing lens. The ZnTe crystal is
virtually transparent in the frequency domain of interest (0.1
— 3 THz). A liquid helium cooled bolometer connected to a
lock-in amplifier was used to detect the spectrally integrated
THz emission (after proper filtering of the transmitted 800
urn laser beam).

Figure 1 shows the THz emission as a function of the
ZnTe azimuthal angle (closed symbols). The THz intensity
is proportional to the square of the nonlinear polarization
which angle dependence (angle between the polarization of
the optical pump beam and the [001] axis) is determined by
the nonlinear susceptibility tensor [9]. Figure 1 also displays
the angle dependence of the measured SHG (open symbols)
generated in the ZnTe crystal upon focusing (z = 0, where z
is the distance between the beam waist and the crystal),
which shows maxima and minima for the same azimuthal
angles.
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Fig. 1. Closed symbols : THz intensity (bolometric detection) as a function
of the azimuthal angle. Open symbols : SHG intensity (measured with a
PMT) upon focusing (z = 0), as a function of the azimuthal angle. Excitation
power 300 mW.

Figure 2 shows the angle dependence of the THz
emission (right axis) as well as the angle dependence of the
direct transmission at 800 nm (measured with a simple
photodiode) when the laser beam is focused (z = 0). Under
proper crystal angle orientation, the transmission at 800 nrn
is reduced by about 10 % and a yellow-green luminescence
induced by TPA can be observed on the ZnTe crystal
surface. In principle, optical rectification, SHG as well as
TPA can be responsible for the optical pump depletion for
specific azimuthal angles. Nevertheless, the optical
rectification efficiency is only on the order of 10 -7 and, as
already pointed out in previous studies [7], when rotating
the ZnTe crystal, the SHG generation changes by several
orders of magnitude whereas the transmission at 800 nm
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Fig. 2. Closed symbols : THz intensity (bolometric detection) as a function
of the azimuthal angle. Open symbols : transmission at 800 nm (measured
with a photodiode) upon focusing (z = 0), as a function of the azimuthal

only varies by about 10 %. Thus, optical rectification and
SHG are not responsible for the optical pump depletion.

Easy crystal axis determination is highly desirable when
developing ultra fast THz spectroscopy experiments based
on optical rectification and Free-Space-Electro-Optical-

Sampling (which relies on a second ZnTe crystal). In this
case, several parameters need to be properly adjusted
simultaneously (ZnTe crystals orientation, optical pump
focusing, time delay and spatial overlap between the THz
pulse and the reference pulse, etc.), which renders the
alignment tedious. In this context, Figure 2 also shows that
the angle-dependence of the transmission is the simplest
method for determining the crystal orientation (with the
exception of very thin crystals).

B. Z-scan experiment

Competition between optical rectification and other
nonlinearities was investigated using a modified z-scan
method [7]. The THz emission, the SHG emission as well as
direct transmission at 800 nm were measured as a function
of the distance z between the beam waist and the crystal,
along the optical axis for an optical pump power of 300
mW. The waist radius decreases down to about 10 pm upon
focusing (z = 0), corresponding to a Rayleigh length of
about 0.4 mm. As a consequence, in the following, the laser
spot radius w(z) lies mostly in the asymptotic region where
it can be well approximated by w(z) oc z. For small
distances z (tight focusing), SHG generated by the ZnTe
crystal is measured using a photomultiplier (after filtering

Fig. 3. Open symbols : THz intensity (bolometric detection) as a function of
the distance to focus point. Open symbols : Second Harmonic Generation as
a function of the distance to focus point. Focal 4 cm. Power 300 mW.

the direct transmission at 800 nm).
Figure 3 shows the THz emission measured as a function

of the distance z to the focus (left axis) as well as the SHG
(right axis). At first sight, the easiest method to increase the
THz emission efficiency is to focus the optical pump beam
on the nonlinear ZnTe crystal. Indeed, for large z, the THz
emission first increases when decreasing the laser spot size.
But the emission then tends to saturate for z on the order of
10 mm. For even smaller distances, the THz emission drops
significantly, forming a 5 mm large z-hole. Hence, as
often reported, the best THz emission efficiency is obtained
when slightly defocusing the optical pump from the ZnTe
crystal. Several mechanisms have been put forward to
explain the formation of this *z-hole, among which optical
pump depletion by TPA, THz absorption by free carrier
absorption, or diffraction effects when the laser spot radius
becomes comparable with the THz wavelength (which
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occurs here when z is about 10 mm).

C. Two-color excitation

The free-carrier absorption was estimated using a two-
color experiment. The free earner absorption is proportional
to the carrier density in the ZnTe crystal generated at the
second harmonic energy. The 800 nm laser beam is then
transmitted through a BBO crystal prior to be focused on the
ZnTe crystal. For this experiment, the distance z between
the 800 nm beam waist and the ZnTe crystal is adjusted in
order to maximize the THz emission while minimizing the
SHG generated in the ZnTe crystal (z = 15 mm). In a first
measurement, the BBO is not phase matched (BBO angle
adjusted to obtain zero SHG). We then measure the THz
emission in the absence of any competing nonlinearities
within the ZnTe crystal. In a second measurement, the BBO
is phase matched to generated SHG in order to provide a
two-color excitation of the ZnTe crystal. Here, the
azimuthal angle of the BBO crystal is adjusted in order to
obtain a SHG on the order of the SHG emission observed
when exciting the ZnTe crystal at z = 0. The measured THz
emission is strongly reduced, corresponding to an
absorption coefficient aniz of about 4 cm, showing that
free-carrier absorption of the THz radiation cannot be
neglected in this problem, contrary to what was previously
assumed [6,7,8].

III. INTERPRETATION

A. Diffraction  limit

As already pointed out above, the phenomena discussed
here occur for z distances much larger the optical beam
Rayleigh length and the laser spot radius w(z) can well be
approximated by its asymptotic limit (w(z)=X,z/nwo, where
wo is the beam waist. The spot size S oc z 2). Since optical
rectification is a second-order nonlinear process, the THz
electric field ETHz is proportional to the laser intensity Io =
Po 1 S, where Po is the input power. When diffraction effects
can be neglected (spot size larger than the THz wavelength),
the measured THz signal power is thus P- stgnal °

C S (P0 1 5)2 oc

5-1 0C Z-2 . This Z2 dependence of the THz signal is indeed
observed for large distances (z > 13 mm) as can be seen in
Figure 4 (dashed line). On the contrary, as pointed out by
Dakovski et al. [6], the situation is different when the THz
emission is generated by a localized emitter of extension
smaller than the THz wavelength (centered close to 300
pm). This typically occurs for z smaller than 10 mm. In this
case, the THz emission from the whole emitter section
interfere constructively and the THz emitted power now
reads:P

signal (S ETH )
2
 0, (5 030 I 5))2 oc so oc zo. As a°C 

consequence, the THz emitted power is expected to become
independent of the spot size close to focus. This is sketched
by the dotted line in Figure 4.

B. Free carrier absorption

The equation describing the generation of THz has the
form:

dETHZ
 al° a	= - 

dz
THz E THz

where the first term corresponds to the generation of THz by
optical rectification and the second term to the THz
absorption by free carriers. In this situation,

E THz a ri all° , where 1 is the crystal length and

= CaTHz 1)
I a THz 1 is a factor that reduces the THz

field induced by optical rectification. As a consequence, in
the diffraction limit (since z is small in this situation), the
THz power signal is now Psignai (S ETH02 cc (S (iPo 

I 
S))2

S ° cc z °. The THz emission is globally reduced by a
factor ri 2, which can be very large, but still independent on
the spot size. This is sketched in Figure 4 (dot-dashed line).

C. Two-photon absorption

As already discussed above, two-photon absorption is
responsible for the depletion of the optical pump beam. The
equation for the nonlinear absorption is:

dI _1712
dz

in which the linear absorption at the optical frequency is
neglected and where p is the nonlinear absorption
coefficient. This results in the following optical intensity in
the crystal:

I(z) = 

0 

1+ /310z

In this case, the emitted THz signal in the diffraction limit
becomes:

2\2
71W

P 1+ 131)01  2 °2vgnal
z

which strongly depends on z and creates a z-hole as already
mentioned in Ref [6]. In the presence of free carrier

Fig. 4. Symbols : measured THz emission as a function of the distance to
focus. Long dashed line : Theoretical THz emitted power beyond the
diffraction limit The THz emission decreases quadratically with the spot size
and with the distance to focus. Dotted line: Theoretical THz emitted power in
the diffraction limit (no competing nonlinearities included). The THz
emission is then independent of the excitation spot size. Dot-dashed line:
Theoretical THz emission in the diffraction limit when free-carrier
absorption is included. The THz emission remains independent of the
excitation spot size. Solid line: Theoretical THz emission in the diffraction
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absorption, the input optical power in the above expression
is multiplied by a factor 11.

Fitting the z-hole in Figure 4 leads to a nonlinear
absorption coefficient 13 on the order of 10 cm/GW, in good
agreement with values reported in the literature [6,7,10].

Last, we remark that the above equation does not hold for
z 0 because the asymptotic approximation for the spot size
radius does not hold any more In this approximation, the
spot size is zero for z =- 0 and the fitted THz signal then
drops exactly to zero at the focus. Taking into account the
Gaussian profile of the beam leads to a finite THz emission
at z = 0, as in the experiment.

IV. DISCUSSION

Diffraction effects are essential in the understanding of
the THz emission when the pump beam is focused. As
shown by Gaivoronskii et al. [7], if diffraction effects are
not taken into account, TPA reduces the optical pump
power, and thus the THz emission, but without forming a z-
hole. In this case, TPA and SHG cannot explain this effect
even qualitatively. On the contrary, when diffraction effects
are properly taken into account, TPA can be shown to result
in the formation of a strong reduction of the THz emission
upon focusing in the form of a z-hole. Here, we also show
that free-carrier absorption cannot be neglected in this
analysis since it is responsible for a strong absorption of the
THz radiation. Nevertheless, free-carrier absorption only
tends to scale down the measured THz power and cannot,
by itself, explain the formation of a z-hole.

REFERENCES

[1] Sensing with Terailertz Radiation, D. Mittleman editor, Springer,
Berlin (2003).

[2] D.H. Auston, Phys. Rev. Left., 53, p 1555, 1984.
[3] L. Xu, X.-C. Zhang and D.H. Auston, Appl. Phys. Lett. 61, p 1784

(1992).
[4] A. Nahata, A.S. Weiling and T.F. Heintz, Appl. Phys. Lett. 69, p

2321, 1996.
[5] M. Schall and U. Jepsen, Above-band gap two-photon absorption and

its influence on ultrafast carrier dynamics in ZnTe and CdTe, Appl.
Phys. Lett. 80, pp 4771-4773, 2002.

[6] G. Dakovski, B. Kubera and J. Shan Localized terahertz generation
via optical rectification in ZnTe, J. Opt. Soc. Am. B 22, pp 1667-
1670, 2005.

[7] V.Y. Gaivoronskii, M.M. Nazarov, D.A. Spapozhnikov, E.V.
Shepelyavyi, S.A. Shkel'nyuk, A.P. Shkurinov and A.V. Shuvaev,
Competition between linear and nonlinear processes during
generation of pulsed terahertz radiation in a ZnTe crystal, Quant.
Electron., 35, pp 407-414, 2005.

[8] J.Z. Xu and X.-C. Zhang Optical rectification in an area with
diameter comparable to or smaller than the center wavelength of
terahertz radiation, Opt. Lett., pp 1067-1069, 2002.

[9] Q. Chen, M. Tani, Zhiping Jang and X.-C. Zhang, Electro-optic
transceivers for teraherz-wave applications, J. Opt. Soc. Am. B, 18,
pp 823-831, 2001.

[10] J.H. Bechtel and W.L. Smith Two-photon absorption in
semiconductors with picosecond laser pulses, Phys. Rev. B 13, pp
3515-3522 (1976).

262



17th International Symposium on Space Terahertz Technology P2-15

Theory and Design of an Edge-Coupled Terahertz
Photomixer Source

Daryoosh Saeedkia and Safieddin Safavi-Naeini

Abstract—A terahertz photomixer with guided-wave optical
excitation scheme is analyzed, and as an example, an edge-
coupled photomixer source is designed with low-temperature-
grown (LTG) GaAs as its ultra-fast photoabsorbing layer and
A10 .9 Ga0 . 8 As and A10 . 35 Gao. 65 As as core and cladding layers of
its optical waveguide structure, respectively.

Index Terms— Terahertz optoelectronics, Photomixers, CW
terahertz sources, Optical vvaveguides.

I. INTRODUCTION

T
ERAHERTZ technology is a fast-growing field [1], [2]
with applications in biology and medicine [3]-[5], medi-

cal imaging [6], material spectroscopy and sensing [7], secu-
rity [8], monitoring and spectroscopy in pharmaceutical indus-
try [9], and high-data-rate communications [10]. The direction
of the terahertz technology is towards the implementation
of compact and cost-efficient systems for different terahertz
applications. Realization of a compact, high-power, and low-
cost terahertz source is a crucial step towards this goal.

Photomixers are promising continuous-wave terahertz
sources as potentially compact, low-power-consuming, coher-
ent, low-cost, and tunable sources [11], [12]. In a terahertz
photomixer, a beat-frequency signal is generated due to mixing
of two frequency-detuned laser beams inside a dc-biased ultra-
fast photoconductor [13], [14] or a superconductor [15], [16].

Terahertz photomixers can be realized as vertically illumi-
nated or edge-coupled devices [17]-[22]. In the edge-coupled
photomixer sources, the laser beams are guided inside an
optical dielectric waveguide structure and being absorbed
by an overlying ultra-fast photoabsorbing layer, wherein a
terahertz signal is generated due to photomixing phenomena.
The generated terahertz signal is guided by a transmission
line, which can be a coplanar stripline (CPS), a coplanar
waveguide (CPW), or a parallel-plate waveguide. The edge-
coupled photomixer sources are attractive for system-on-chip
configurations for terahertz spectroscopy and sensing and
terahertz imaging applications.

Among the challenging issues for realization of the edge-
coupled photomixer sources are: control over the optical power
absorption rate inside the photoabsorbing layer in order to in-
crease the thermal failure threshold of the device and maximize
the generated terahertz power; realization of the velocity match
between the optical beat signal and the terahertz signal; and

This work was supported by the NSERC/RIM Industrial Research Chair
Program, and CITO.

The authors are with the Electrical and Computer Engineering De-
partment, University of Waterloo, Waterloo, ON, Canada (email: dary-
oosh@maxwell.uwaterloo.ca ; safavi@maxwell.uwaterloo.ca ).

W

Fig. 1. Schematic of a terahertz photoconductive photomixer source with
guided wave optical excitation. For this structure n i > n3 > n2 =-- n4.

implementation of a proper de-bias configuration and terahertz
waveguiding structure.

In this paper, we analyze an edge-coupled terahertz pho-
tomixer source, which contains an optical waveguide structure
located above a grounded dielectric substrate and covered by
interdigitated electrodes (Fig. 1). The top layer of the optical
waveguide structure is made of an ultra-fast photoabsorbing
material, wherein the photomixing phenomena takes place.
One can control the optical power absorption rate by changing
the thickness of the photoabsorbing layer. The dc bias is
applied through the interdigitated electrodes. The electrode
spacing is much smaller than the wavelength of the generated
terahertz signal, hence, it is a good approximation to assume
that the terahertz wave sees the electrode structure as a uniform
metallic plate. The electrodes and the ground plane act as a
parallel-plate waveguide for the generated terahertz signal. The
velocity of the terahertz signal along the parallel-plate waveg-
uide and the velocity of the optical signal are close together

11GaAs 3.68 and 3.61 at A = 800 um and A 300 pm,
respectively [21), which results in a good coupling between
the two signals.

H. OPTICAL WAVEGUIDE

In the configuration shown in Fig. 1, two laser beams
with their central frequency difference falling in the terahertz
spectrum are coupled to a five -layer dielectric slab waveguide
structure. The band gap for A4 Gai _vt-\.s is Eg =1.42 eV, 1.66
eV, and 1.86 eV, for e -= 0, t, = 0.2, and e = 0.35, respectively
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[23
] . Hence, for the central wavelengths of the two lasers

around 780 nrn (E =-- 1.59 cV) the optical power absorption
only takes place inside the LTG GaAs layer. The thickness of
the AlxGai _xAs buffer layer, h4 , is large enough to prevent
the evanescent tail of the propagating mode reaching to the
SI-GaAs substrate.

Satisfying the following conditions together guarantees the
single-mode operation of the five-layer dielectric waveguide

(1)

(2)

(3)

For h2 < A, it is also possible to design the optical waveguide
as a single mode waveguide, however, in this case the behavior
of the dispersion equation becomes complicated and it is
difficult to extract general conditions for the single mode
operation of the waveguide. In a single mode structure, it is
easier to achieve both weak coupling to the photoabsorbing
layer and velocity phase match between the terahertz signal
and the propagating optical mode.

For the structure shown in Fig. I, we choose the Al contents
of the A4Gai __ As layers as x -= z = 0.35 and y = 0.2. At
the wavelength A =-- 780 Tun (E = 1.59 eV) the refractive
index of the layers in Fig. I will be n i = 3.66, n2 -------- n4

 =-
3.44, and n3 = 3.554.

The bias electrodes are made of gold with the refractive
index no = 0.1383 — j4.7932 at A = 780 nm.

The total thickness of the dielectric region, h, must be small
enough so that only TEM mode can be supported by the
parallel-plate waveguide. This can be achieved by

h < (4)
2f,ni

where fe is the cutoff frequency of the lowest order non-TEM
modes. For example, for h < 6.8 pm and for the frequencies
below 6 THz, the only supported mode by the parallel-plate
waveguide is the TEM mode.

The optical intensity distribution across the dielectric layers
and at the different positions along the waveguide is shown
in Fig. 2. As it can be seen from Fig. 2, the optical intensity
decreases as the optical field propagates along the waveguide,
which is due to the optical power absorption inside the LTG-
GaAs layer.

Fig. 3 shows the total optical power inside the waveguide
along the z-axis and optical intensity distribution of TE 0 mode
across the dielectric layers for different values of h 1 , h2 , and
h3 . The total optical power decreases exponentially along the
waveguide. The following equation fits the resulting graphs

P0 (z) = Popt (z 0)e -aez (5)

where a, < a is the effective absorption coefficient. For the
higher optical intensity inside the photoabsorbing layer, the
effective absorption coefficient is higher. The optical power

Fig. 2. Optical intensity distribution of TE 0 mode across the dielectric layers
and at the different positions along the waveguide. The thicknesses of the
dielectric layers in Fig. I are h1 =-- 100 nm. h2 = 800 nm, h3 = 100 nm,
and h4 = 2 ian. The width of the waveguide is w = 6 prn. The optical
power of each laser is 200 mW. The width of the electrode fingers and the
gap between them are wg = 2 pm. The propagation constants in the
conductor covered and air covered regions are ,3 = 2.7813 x 10

7
 rad/m and

= 2.7814 x 10
7
 rad/m, respectively. Inset shows the optical intensity inside

the photoabsorbing layer and air.

inside the LTG-GaAs layer decays at the same rate as the
total optical power.

III. SIMULATION RESULTS

All the physical and dimensional parameters of the designed
photomixers are given in Table I. For the designed devices, the
ultra-fast photoabsorbing layer is LTG-GaAs and Al contents
of the A4Ga i ___ As layers are x z 0.35 and y =- 0.2 (see
Fig. 1). The propagation constants of the two laser modes in
the air-covered region for the beat frequency of 1 THz are
01 = 2.7815 x 10 7 rad/m and 132 = 2.7742 x 107 rad/m.

Fig. 4 shows the terahertz photocurrent along the waveguide
at 1 THz beat frequency and at different depths. The total static
electric field is shown for comparison. The terahertz photocur-
rent is lower at the surface of the LTG-GaAs layer, where the
optical intensity is smaller (see Fig. 2). The amplitude of the x-
component of the terahertz photocurrent are smaller under the
electrodes, where the amplitude of the electric field is low. As
it can be seen from Fig. 4, the terahertz photocurrent follows
the static electric field variation in low-field regime. For the
static field above a certain value the carrier velocity saturates
and the carrier lifetime become big enough to make 127- >> 1,
hence the terahertz photocurrent becomes independent of the
electric field.

Fig.4 also shows the x-component of the terahertz photocur-
rent along the waveguide at two different beat frequencies. For
the beat frequency f 0.1 THz, the terahertz photocurrent
follows the static electric field variation even at the high-field
regime. This is due to the fact that at the low frequencies the
term CIT is small and the terahertz photocurrent is proportional
to the carrier lifetime and hence is a function of the electric
field. For the beat frequency f 1 THz, and except for
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Fig. 3. Total optical power inside the waveguide along the z-axis and
optical intensity distribution of TE 0 mode across the dielectric layers for
different values of hi , h2 , and h3 and with h4 = 2 ptm: (hi , h2 , h3 ) =
(100, 800, 100) nm (solid line), (h i , h2 , h3 ) = (110, 800, 100) nm (dashed
line), (h i , h9, h3) = (100, 800, 50) nm (dotted line), and (h i , h9, h3)
(100, 50, 100) nm (dash-dot line). The width and the length of the waveguide
are w = 6 pm and / = 2 mm, respectively. The width of the electrode fingers
and the gap between them are we = wg ,---- 2 pm. The input optical power
is 200 mW.

very low electric field, the term C1T becomes large and hence
the terahertz photocurrent becomes independent of the electric
field. One can see from Fig. 4 that the terahertz photocurrent
is higher inside the air-covered regions, where the optical
intensity is higher.

Fig. 5 shows the amplitude of the x-components of the
terahertz photocurrent and the dc photocurrent for different
values of the thicknesses of the dielectric layers. As it can
be seen from Fig. 5, both the terahertz photocurrent and the
dc photocuffent are higher when the coupled optical power
inside the photoabsorbing layer is higher (see Fig. 3). Since
the generated terahertz power is proportional to the square
of the terahertz photocurrent, one can increase the generated
terahertz power by increasing the coupled optical power inside

Fig. 4. Terahertz photocurrent along the waveguide at different beat frequency
and at different depths: x = —10 nm, f = 1 THz (solid line), x = —10
nm, f = 0.1 THz (dashed line), and a = —110 urn, f = 1 THz (dotted
line). The thicknesses of the dielectric layers are: h i ------- 100 nm, h2 800
nm, 113 = 100 nm, and h4 ------- 2 pm. The static electric field is shown for
comparison.

TABLE I

PHYSICAL AND DIMENSIONAL PARAMETERS OF A DESIGNED

PHOTOMIXER

Description Notation Value

Laser central wavelength Ai 780 nm

Applied dc voltage V 10 V

Each laser power Popt 200 inW

Optical absorption coefficient[24] 10000 cm 1

Electron (hole) saturation velocity[25] (v.,p) 40 (10) m/ms

Low-field electron (hole) lifetime{25] Tm ( 0.1 (0.4) ps

Low-field electron (hole) mobility[26] (Apo) 400 (100) cm2/Vs

Device width 6 pm
Total thickness 6 p,m
Electrode width We 2 pm

Gap between electrode fingers Wg 2 pm

Buffer layer thickness h4 2 pm

LTG-GaAs refractive index ni 3.66

Cladding refractive index n2,714 3.44

Core refractive index 713 3.554

Electrode refractive index (at 780 nm) no 0.1383 — j4.7932

the photoabsorbing layer. Hence, the optimum thicknesses
for the dielectric layers are the thicknesses, which results
in maximum possible optical intensity inside the LTG-GaAs
layer. Nevertheless, one has to take into account the device
thermal failure due to the resulting optical and electrical
thermal power.

The generated terahertz power for an edge-coupled pho-
tomixer with parameters given in Table I and with h 1 = h3
100 nm and h2 = 50 nm is 0.9 " at 1 THz beat frequency.

IV. CONCLUSION

An edge-coupled distributed terahertz photomixer source is
analyzed and designed. The proposed device has potential ap-
plications in terahertz biosensing, imaging, and spectroscopy.
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Fig. 5. Generated photocurrent along the waveguide at 1 THz beat frequency
and at x = -10 nm for different values of h i , h2 , and h3 and with
h4 = 2 pm: (h i , h2 113) -= (100, 800, 100) nm (solid line), (h1, h 2 , h3 ) =
(110, 800, 100) nm (dashed line), (hi , h2 , h3 ) = (100, 800, 50) urn (dotted
line), and (h i , h2 , h3 ) = (100, 50, 100) nm (dash-dot line). (a) terahertz
photocurrent (b) dc photocurTent.
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Catadioptric Microlenses for Submillimeter and
Tera,hertz Applications

Biddut K. Banik, Harald F. Merkel, Stellan Jacobsson

Abstract- Existing dielectric lens geometries are optimized
for remote sensing applications in order to produce a
predetermined Gaussian beam in the far field that is matched
to a radioastronomic setup. In this work, an optics suitable for
object investigation in a point-to-point transmission setup is
presented. Here it is required to create a focus point outside
the lens with as low radiation leakage as possible. For this a
catadioptric dielectric lens is proposed. This paper presents the
theoretical performance of the focusing property of
catadioptric lens investigated at 50 GHz and 228 GHz having cr
= 11.7. 3D simulation results of the catadioptric lens also show
a focus point Imaging property of catadioptric and extended
hemispherical lenses are presented and compared at 50GHz. A
Transient analysis of the lens is also presented.

Index Terms- Catadioptrie lenses, dielectric lenses, lens
antennas.

I. INTRODUCTION

IELECTRIC lenses have found an increasing range of
applications during the last years. Planar radiating or
receiving elements covered by dielectric lenses are

being used in millimeter and submillimeter regime [1, 2].
They also provide the capability to be integrated [3, 4] with
millimeter and submillimeter planar feeding structures and
electronic components such as diode detectors, oscillators,
mixers etc. Due to low feed loss, ease of construction and
overall size reduction, microstrip antenna-lens
configurations are an attractive solution for mm-wave high
gain antennas. Hemispherical, elliptical, extended
hemispherical and synthesized elliptical lenses [1, 3, 4] have
already been investigated and used in various applications.
Matching layers [5] are also used to reduce reflection losses.
Different kinds of computational methods and algorithms [4,
6-10] have been used for determining near-field [11, 12] and
far-field pattern [13, 14], internal reflections [15], input
impedance [16] , S parameters, focusing property [17] and
imaging property [18] of such dielectric lenses.

Here a transmission setup is analyzed where a current
dipole radiating structure is coupled to the lens. The first
goal is to minimize the dielectric lens. As a benchmark, the
hemispherical, elliptical and extended hemispherical (or
synthesized elliptical lens) and catadioptric geometries have
been taken into account. Next, a catadioptric dielectric lens
is presented here and the simulation results are compared to
that of an extended hemispherical lens. It has been shown,
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that dielectric lens structures with an overall size of 3-5
vacuum wavelengths still work as focusing elements.

As a next step, focusing structures have been analyzed
that can be made small and offer a distinct power maximum
at a certain distance from the structure. Such a focusing
behavior improves the condition of subsequent inverse
scattering matrices considerably.

II. LENS GEOMETRIES AND MODELING STRATEGIES

A commercial FEM electromagnetic package [19] has
been used during this investigation. Firstly, simulation
concentrated on 2D modeling of hemispherical, elliptical,
extended hemispherical and catadioptric lenses. For all the
cases, the surrounding domain around the lens is vacuum
and the outer boundary conditions of the vacuum
represented by Absorbing Boundary Conditions fulfilling
Sommerfeld radiation conditions in the far field. In order to
facilitate comparison, the lenses are always placed and
centered at the respective coordinate origin.

A. Dielectric Lenses

(a)

(e)

Fig. 1. Electric field distribution at 50 GHz in (a) hemispherical, (b)
elliptical, (c) extended hemispherical and (d) catadioptric lens (e) 3D view
of the catadioptric lens.

In Fig. 1, electric field distribution at 50GHz in
hemispherical, elliptical, extended hemispherical and
catadioptric lenses are shown. The dielectric constant of the
lens is Cr = 11.7 and the lenses are of 16 mm diameter. The
source is a current dipole. For the extended hemispherical
lens, the extension L = 1.6 mm and L/R = 0.2 where R is the
radius. The E field distributions in the elliptical and the
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extended hemispherical lenses are similar. The E field
distribution in the catadioptric lens indicates that the waves
are guided towards the catadioptric portion. This
phenomenon eventually produces a focus point.

B. Catadioptric Lens

Catadioptric lens systems have been invented by Fourier
in 1826 for use in lighthouses combining a segmented
Fresnel lens with lateral prisms to enhance efficiency and to
reduce weight. Within the scope of the current investigation,
a catadioptric lens has been realized having c r = 11.7, 16
mm diameter. The extended catadioptric portion of the lens
is of 8 mm radius and 11 mm length. For simplicity, two
dimensional models were simulated and the lenses were
assumed to be isotropic and homogenous. Fig. 2(a) shows
the electric field (E r) distribution at 50 GHz and Fig. 2(b)
shows the absolute electric field (Enorm) distribution. A
current dipole source is attached to the lens. The medium
surrounding the lens is assumed to be vacuum. Fig. 2(c)
shows Enorm along y 0 axis for 48-52 GHz. The focus point

dependent.
Fig. 3(a) shows the normalized Enorm distribution at 228

GHz for the same catadioptric lens with a current dipole
source. A focus point is observed at 0.0175 m. Fig. 3(b)
demonstrates the normalized electric field distribution along
y = 0 axis at 227-229 GHz.

Evidently, the quality of the calculated results depends on
the density of generated mesh and the number of points
where Maxwells equations are to be solved. FEM requires
very high computer resources for generating quality results
at frequencies above 250 GHz, for the present case.

Fig.3. Field distribution at 228 GHz a) Eno., c) Enorm along y = 0 axis for
227-229 GHz.

C. 3D Modeling

For the 3D model of the catadioptric lens, dielectric
constant Er = 5, diameter D = 16 mm and the lens is attached
to an open ended waveguide which acts as the source. The
frequency is selected 28 GHz and the dimension of the
waveguide is selected to be at TE i o mode. Higher frequency
and higher dielectric constant of the lens require higher
density of generated mesh, extensive amount of computer
resource and eventually the simulator fails to generate any
result. Fig.4 shows the isosurface plot of normalized time
averaged power flow (P\- oavnorm) and the color of the
isosurface corresponds to the logarithm of P- oavnorm (PoavdB).
Fig. 4(a) shows H plane and Fig. 4(b) shows E plane where
a focus region is observed.

Fig.2. Field distribution at 50 GHz a) Ez b) En. c) Enorm along y = 0 axis
for 48-52 GHz.

is observed at a distance x 0.015 m for 50 GHz. The
focusing property of the lens is frequency and lens geometry

268



269

17th International Symposium on Space Terahertz Technology P2-16

Fig.4. Isosurface plot of normalized time averaged power flow (Poavnonn).

Waveguide source with TE io excitation at 28GHz, = 5

D. Imaging

Usually for modeling and characterizing near field
imaging setups, a planar wave is incident on the subject. For
the case of catadioptric lens, a point current source is
located at a distance x = 0.016 m, which was found to be the
focus point of the lens. Fig. 5(a) shows the setup where a
dielectric filled (Er = 11.7) waveguide is attached to the lens
and has the dimension to be excited at TE 10 mode. The
electric field distribution (E,) is demonstrated in Fig. 5(a).

Fig.5. (a) Ez field distribution at 50GHz with a current source located at x
0 016 m. Dielectric filled waveguide is used at the receiving end. (b) Enorin
distribution for catadioptric and extended hemispherical lenses along y 0.

Fig.6. Transient analysis of the catadioptric lens with a point current source
located at the origin. Colors correspond to the magnitude of absolute E
field distribution (E m), contour corresponds to E. (a) T = 0.09 ns (b) T =
0.11 ns (c) T = 0.13 ns (d) T ---= 0.15 ns (e) T = 0.17 ns (f) T = 0.19 ns
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Afterwards, the catadioptric lens is replaced by an extended
hemispherical lens having the same diameter (D = 16 mm)
and the extension length (L) is 1.6 mm. Fig. 5(b) shows the
absolute electric field (Enorm) distribution along y = 0 axis.
The catadioptric lens shows approximately 3 dB better
response compared to the extended hemispherical lens.

E. Transient Analysis

With a view to attain better understanding and pictorial
view of the focusing property of the catadioptric lens, a
transient analysis is done where a point current source is
placed at the origin. It should be noted that the lens is also
placed and centered at the origin. The current source
generates cosine waves at 50 GHz up to the time instant T =
0.1 ns. Fig. 6(a4) demonstrate the absolute electric field
distribution (Enorn) at different time instants (0.09 ns, 0.11
ns, 0.13 ns, 0.15 ns, 0.17 ns and 0.19 ns). Fig. 6(f) shows a
focus point is created at T = 0.19 ns.

III. CONCLUSION

The focusing property of catadioptric lens is simulated by
FEM method. A 3D model also demonstrates a focus region.
Nearfield imaging property is also investigated and
compared to that of an extended hemispherical lens. The
focusing process is presented pictorially. Our investigation
results show that the catadioptric lens creates a focus point
with low radiation leakage. Our future investigation
encompasses introducing matching layer, reflection losses,
PEC backed catadioptric lens, farfield radiation pattern,
fabrication of catadioptric lenses and related measurements.
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Composite reflector, or mirror, panels using CFRP face sheets and honeycomb aluminum core
have been used on several high frequency (100 GHz - 1 THz), precision, radio astronomical
telescopes since the 1980's. CMA (Composite Mirror Applications, Inc.) has been extending this
technology to higher precision mirrors using CFRP in the mirror structure as well as the mirror
face sheets (surface). Optical wavelength, astronomical telescope mirrors are now being
fabricated up to 1.4m in diameter. CFRP has a number of advantages compared to other
materials for mirrors at submillimeter through optical wavelengths: (1) It has a low coefficient of
thermal expansion, comparable to glass and an order of magnitude lower than aluminum. There
is minimal dimensional change even over large changes in temperature. (2) It has a high
stiffness to weight ratio, enabling a very lightweight mirror. (3) The thermal conduction is very
good (similar to steel and other metals). (4) The low mass and high thermal conduction result in
a structure which thermalizes on a short time scale. CFRP mirror technology is well suited to
use in THz instrumentation as well as for telescope mirror surfaces.

We will briefly describe the principles of mirror fabrication with CFRP technology. We will
present the status and results for several CFRP mirror projects CMA has been working on during
the past two year: Optical telescopes of 0.4m, lm and 1.4m diameter, a study of composite
panels for the proposed 25m CCAT submillimeter telescope, subreflectors for ALMA, APEX
and ALMA-J prototype telescopes, subreflectors for the CBI telescope, telescope systems for the
AMiBA project, a RICH (Ring Imaging Cherinkov optical wavelength) conical mirror of 1.3m
diameter for the AMS-02 satellite scheduled for launch with the Shuttle. The surface quality,
areal density, and other parameters of the mirrors will be discussed. Results of finite element
analysis (FEA) are presented for several mirrors and compared to results on tested minors. The
advantages of this technology and various risks are discussed.
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Carbon Fiber Reinforced Plastic (CFRP) technology has a number of advantages for critical
structures associated with astronomical telescopes at submillimeter through optical wavelengths.
This technology is used for both ground based and space borne applications. The material has a
high stiffness to weight ratio, low thermal expansion coefficient, and high thermal conductivity.
Thus, it is ideal for many support structure applications. We will present several examples of
recent uses of CFRP structures fabricated at CMA (Composite Mirror Applications, Inc.): (1)
The chopping secondary mirror system for the APEX telescope, (2) A 6m diameter platform for
the AMiBA telescope, (3) lm OTA (optical tube assembly) for the ULTRA optical telescope
project, (4) 1.4m OTA for the NRL optical telescope NPOI project, (5) a complete 0.4m optical
telescope mount, OTA and optics for the NRL. The use of CFRP results in a stiff, light weight
structure. Several innovative features can be built into the structure which would not be possible
with conventional technology using metal alone. We will discuss the structure, unique features,
and present test results. Several features of CFRP structures would be of benefit to space THz
instrumentation applications.
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Micro-machined Planar THz Optics
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300 Route de la Piscine, France
2Max-Planck-Institute for extraterrestrial Physics, GiessenbachstraBe, 85748 Garching,
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We present micro-machined artificial dielectrics and their application in THz
technology. Different quasi-optical elements are presented and in particular the first
design and realization of a planar focusing lens. We discuss the various modeling
approaches and compare simulations with phase and amplitude measurements.
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Fig. 3. Coupler B for 650 GHz etched out of a Silicon wafer.
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Characterization of Micromachined Waveguide
Hybrids at 350 and 650 GHz

Axel Murk, Stephan Biber, Thomas Tils, Patrick Piitz, Lorenz Peter Schmidt and Niklaus Kampfer

Abstract-We present measurement results of two different
hybrid couplers at submillimeter wavelengths. The devices under
test were a 650 GHz coupler, which has been micromachined
in Silicon by deep reactive ion etching, and two versions of a
345 GHz coupler machined out of brass. In order to determine
the amplitude and phase balance of the coupling section the dif-
ferences between the connecting waveguides have to be taken into
account. We corrected the measurements under the assumption
that the coupling section itself is fully symmetrical, which results
in a good matching between the measured and the simulated
performance.

I. INTRODUCTION

Waveguide hybrids are a prerequisite for balanced and side-
band separating mixers. At lower frequencies they are avail-
able off-the-shelf from various suppliers, but above 100 GHz
they are increasingly difficult to manufacture because of the
tighter mechanical tolerances. Currently several research in-
stitutes are developing hybrids for submillimeter wavelengths,
mostly for radio astronomical applications [1], [2]. Measure-
ments have been reported so far for 70-110 GHz [3] and 257—
370 GHz [4].

A 90
0

 waveguide hybrid is a directional 4-port device that
distributes a signal at its input port 1 equally and with a well
defined phase shift of 90

0

 between the two output ports 3 and
4. The second input port 2 is fully isolated from port 1 and
has the same symmetrical coupling to ports 4 and 3. Figure 1
shows a typical layout of a branchline coupler and electrical
field simulations with the software package CST Microwave
Studio.

P3

P4

IL COUPLER DESIGN

The following two waveguide hybrids have been realized:

Coupler A from the Milner Observatorium far Submillime-
ter Astronomie (KOSMA) has a center frequency of 345 GHz
and was micromachined in brass on a high speed Deckel FP-2
milling machine [5]. A second version of this coupler was
manufactured at Steward Observatory Radioastronomy Lab-
oratory (SORAL) using a more accurate Kern MMP milling
machine.

Coupler B from the University of Erlangen-Niirnberg has
a center frequency of 650 GHz and was micromachined
in Silicon by photolithography, Deep Reactive Ion Etching
(DRIE) and gold plating of the surfaces [6].

Both couplers are assembled from two symmetrical split-
block halfs that are cutting the waveguide in the E-plane.
Figure 2 shows the 345 GHz brass coupler A, and Figure 3
the overall dimensions and electron microscope images of
the etched Silicon coupler B. To have sufficient space for
the input and output flanges both test devices include S-
shaped waveguide sections that are much longer than the actual
coupling regions. The phase errors in these waveguides and
differences between their flanges have a significant effect on
the measurement results.

Fig. I. Layout of a 90' branchline coupler. The colors represent the simulated
 Fig. 2. Coupler A for 345 GHz: Split-block half milled out of brass (left)

and its branchline section (right).
electrical field when a signal is injected at port 1.
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Fig. 5. Test setup for the 650 Glitz coupler. The absorber terminations in
front of the horn antennas are not shown in this picture.

— 031
— 541
— S32 60

042
— Ref 32. 50

40

30

20

75

70

5 65

ti 60

55

50

— 531
— 541
— 532

S42
— Ref

330 345
Frequency pHz1

360 675 700575 600 625 650
Gequelly GHz

S31
541

— S32
042

— Ref

200

Si), —200
32.
2,3 —400

1,41- —600

—800

—1000

500— 031
— 041
— 032

042
— Ref

—500

—1000

—1500

17th International Symposium on Space Terahertz Technology P2-20

111. MEASUREMENT SETUP

The transmission characteristics of the couplers were mea-
sured with an AB-Millimetre vector network analyzer. Its
submillimeter wave source module, which consists of a phase-
locked V'-band Gunn oscillator and a multiplier, was con-
nected to port 1 or 2 of the coupler through a 220 GHz or 550
GFIz highpass filter and appropriate waveguide transitions. For
the measurements of the 650 (II Ii device flexible dielectric
waveguides with a high phase stability were used to simplify
the change between different ports [7]. The detector was a
simple harmonic mixer for the measurements around 345
GHz, and another harmonic mixer pumped by a second Gunn
oscillator for those around 650 GHz. Again custom made
waveguide transitions were used to connect the detector to
the device under test.

The two unused ports of the coupler have to be terminated
by a matched load during the measurements. Since waveguide
loads were not available at these frequencies we used horn
antennas that were pointing on a submillimeter wave absorber.
For the 345 (Hz coupler electroformed smooth-walled horn
antennas with a spline profile were used [8], thr the 650 GHz
coupler octagonal horns etched in Silicon {9]. The mismatch
and loss at the flanges was generally worse for the 650 GHz
device because of the difficulties to machine them accurately in
Silicon. For that reason these measurements are more affected
by reflections and standing waves.

The maximum span of a frequency sweep was only about
1.5 GHz because of the limited electrical tuning range of
the Gunn oscillator. For that reason each test sequence of all
possible port combinations Sij had to be repeated after tuning
the vector analyzer to a new center frequency. A dedicated
waveguide calibration kit was not available for these frequency
bands, and only a simple through measurement (labeled Ref)
without the coupler was made after each tuning step. Since the
complete test procedure is very time consuming the couplers
were tested with a limited number of frequency sweeps, and
not continuously over their full bandwidth.

1V. RESULTS

Figures 4 and 6 show the raw data of the measurement
series. Amplitude and phase depend strongly on the sensitivity
and the tuning of the detector and the source. In these and the
following figures the span of the frequency sweeps has been
expanded for clarity and the frequency axis is not to scale.

The measurements are also affected by standing waves in
the test setup. The standing wave pattern is very similar for
the various Sij measurements because they involve the same
number of vvaveguide interfaces and similar electrical lengths,
but it is completely different for the Re f measurement. Since
we are mostly interested in the amplitude and phase balance
between the S31 and S41, each series of frequency sweeps is
calibrated using the complex S31 data as reference. In addition
the data is scaled to obtain a mean amplitude of 0 dB for the
through measurement Re f:

Sij / S31
Sijcalzbrate(1  *S31

Figures 7 and 9 show the calibrated data. The S31 measure-
ments appear now with a constant amplitude and zero degree
phase because they were used as reference plane. The phase
slope of Ref is given by the electrical length of the coupler.
The Ref measurements were repeated after each test series
to check the repeatability of the measurements. A significant
drift occurred only in the frequency sweeps around 675 and
700 GHz, and the results at these frequencies will be less

mean
Ref

330 345 360 575 600 625 650 675 700
Frequency IGHz] Frequency 1G1-17)

Fig. 4. Raw data of coupler A. Fig. 6. Raw data of coupler B
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reliable. The strong ripple on the Ref phase at 700 GHz also
indicates that this measurement was more affected by standing
waves than the others.

Another important parameter of a coupler is the isolation
S12 and 834. For both couplers values between -20 and
-25 dB have been measured. Model simulations predict similar
values, but some discrepancies exist because of the mismatch
at the terminated ports.

V. ERROR CORRECTION

The calibrated data in Figures 7 and 9 differ significantly
from the expected behavior. The design of both couplers has
been optimized to be close to an ideal waveguicle hybrid with
841 = 831 . exp(i) and S42 = 832 . exp (i). In addition the
symmetrical layout should result in S31 S42 and 841 -=
S32, which is not the case in the calibrated data.

A significant part of the observed unbalance is not a true
characteristic of the branchline section of the coupler, but a
difference in its electrically long waveguide connections and
its flanges. These errors can be corrected under the assumption
that the coupler itself is symmetric. Figure 8 shows a simple
error model of the test setup. The coupling section C is
connected with the four test ports through transmission lines
that are not identical. Since S31 is used as reference plane
ports 1 and 3 are free of errors, while port 2 and 4 have an
additional complex gain e2 and e4.
The measurements Sij are related to the true values Sij i as:

S31 

▪ 

831' reference plane
S41 - S41' • e4
832 

• 

S32 / • e2
842 S42 1 	• e2 • e4

If we assume that the coupling section C is symmetric, then
831' = 842' and S32' = 841'. In this case the error terms
can be calculated with:

842 • 841 842 - 832
e2 = 

831 • 832
e4 

= 831 841 •

P1 P3

P2 e2 e4 P4

Fig. 8. Model for the error correction: if the coupler element C is assumed
to be symmetric, then the errors e2 and e4 of ports 1 and 2 can be calculated
from the four transmission measurements.

Figures 10 and 11 show the corrected results. The mean
values of amplitude and phase are now equal for symmetrical
signal paths according to the assumptions that were made,
and for that reason only the 831 and 5 141 values are shown.
The power is now distributed almost equally and with a phase
shift close to 90

0

 between the two output ports, at least for the
designed band center of the coupler. This shows that the design
goals of the couplers could be reproduced within the accuracy
of our measurement setup. Two versions of the 345 GHz
coupler have been tested. Device #2, which has been produced
with the better milling machine, has a flatter amplitude and
phase response over the frequency band. The measurements at
675 and 700 GHz remain questionable because of the observed
drift and standing waves problems.

The absolute amplitude of the corrected data is significantly
smaller than the - 3 dB of an ideal coupler because of the losses
in the waveguides and at the flanges. For the 345 GHz device
the observed values below -6 dB correspond very well with
CST simulations of the complete structure when the ohmic loss
of brass is taken into account in the model. This losses could
be significantly reduced by gold plating or machining in a low-
loss material, e.g. Tellurium-Copper. For the 650 GHz device
the losses differ by typically 1 to 2 dB from model estimates,
most likely because of the imperfections of the waveguide
flanges and of the etching process.

VI. DiscussioN

There is some concern about the validity of the proposed
correction scheme. It could be questioned whether the 900
phase difference of the corrected data is an implicit result of
our assumptions because every matched (Sii = 0), lossless

330 345 360 575 600 625 650 675 700
Frequency (GH21 Frequency [GHz]

330 345 360
Frequency (GHz]

Fig. 7. Calibrated data of coupler A.

575 600 625 650 675 700
Frequency Pi-1,1

Fig. 9. Calibrated data of coupler B.
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Fig. 10. Corrected data of coupler A (#1: KOSMA, #2: SORAL). Fig. 11. Corrected data of coupler B.

and double-symmetric 4-port device produces exactly this
phase shift between its output ports. Our correction scheme,
however, includes only the assumption of a single symmetry
plane in the coupling section. This is justified by the symmetric
layout of the coupler, and it is still valid for the most likely
manufacturing errors, e.g. when the two splitblocks are not
perfectly aligned or when the width of the branchlines is
incorrect. We tested with CST simulations that only large
asymmetric machining errors will break this symmetry. In this
case the correction will obviously lead to wrong results, but
not automatically to a 90

0
 phase shift.

Multiple reflections are not corrected with the described
method, but this problem can not be resolved without further
calibration standards. better flanges or much wider instan-
taneous frequency sweeps. Especially the measurements of
the 650 GHz device are affected by standing waves. Another
possible error source are phase shifts in the cables with the
reference signals of the network analyzer when the source or
detector are swapped between different ports. For that reason
we used high quality cables and tried to move them as little
as possible during a test series. The reproducibility of the
Re f 2 measurement, the phase difference of the corrected data
close to 90

0
 and the consistency of the correction factors e

at different frequencies indicate that these errors were only
a couple of degrees in most cases. For the measurements of
the 650 GHz coupler the source and detector remained fixed
on the test bench, and only the dielectric waveguides had to
be swapped between the ports. The phase stability of these
waveuides had been tested before and proved to be sufficient
for our measurements.

The reason for the necessary corrections has been investi-
gated in more detail for two 345 GHz couplers. The amplitudes
of el and e2 are within ±0.2 dB with a variation of about
±0.1 dB between different frequency sweeps. The phases
are between +10° and —30° and change only little with
frequency, which translates to a pathlength difference of up
to 0.25 mm. Because it is unlikely that the mechanical length

of the waveguide sections differs that much we measured their
width and height under a microscope at different locations in
the split-block. It turned out that the milling tolerances cause
a certain variability of the propagation constant, and because
of the large total length of the waveguides this can add up to
similar phase errors as the observed ones.

The length of the waveguide sections will be significantly
shorter and flanges can be avoided by integrating the coupler
into the mixer block of a sideband separating receiver. In this
case it can be expected from our measurements that the power
splitting and phase difference will be close to the design goal
of -3 dB and 90°.
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New Standards for Submillimeter Waveguides
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Growth of the submillimeter-wave field has created the
need for new standards for high frequency waveguides.
The common "WR" standard for waveguide sizes gives
no guidance for frequencies beyond 325 GHz, the upper
band edge of WR-3 [1]. Similarly, standard waveguide
flanges become increasingly problematic above about
100 GHz [2]. The result of this lack of standards is that
hardware from different laboratories, universities, and
commercial vendors is not in general intercompatible.
Furthermore, adapters between incompatible
waveguides typically introduce unacceptable
performance degradation. It is clear that new standards
are needed to maximize intercornpatibility and
minimize the costs associated with the proliferation of
incompatible hardware.

The lack of waveguide standards beyond 325 GHz
should not be solved by simply extending aging U.S.
military standards. For example, the existing standards
provide no guidance for selecting preferred sizes or for
selecting in-between sizes, and the existing standards
are in deprecated inch-pound units. A standard for
waveguide sizes should, however, be based on existing
widely-used international standards. It should provide
guidance for selecting a minimum number of preferred
sizes to provide continuous frequency coverage for
generic laboratory equipment such as network
analyzers, spectrum analyzers, sources, mixers,
couplers, and horns. It should also provide guidance

Table 1. The preferred series of waveguide sizes
suitable for generic laboratory equipment like network
and spectrum analyzers, sources, mixers, horns,
directional couplers, etc. The table can be extended
indefinitely to larger and smaller sizes by multiplying
by powers of 10. See the proceedings for tables of
second, third, and fourth choices of waveguide sizes as
well as recommendations for circular waveguide.

Len lth m Cutoff GHz
a b TEio TEN)

1000 500 150 300

630 315 238 476
400 200 375 750
250 125 600 1200
160 80 937 1874
100 50 1500 3000

for choosing in-between sizes if the preferred sizes are
not adequate for a particular application. Finally, it
should include provisions for extending the standard
indefinitely to higher and lower frequencies.

ISO 497 is a widely used global industry standard
familiar to many people as the basis for the sizing of a
wide variety of commercially-available hardware such
as metric fasteners and stock metals. The preferred
sizes are a logarithmic scale starting at 1 mm and
spaced 2 dB apart. For applications where in-between
sizes are needed, the second choice is the series of sizes
spaced by 1 dB, the third choice sizes spaced by 0.5 dB,
etc. All sizes are rounded appropriately. The series
repeats every decade by multiplying by a power of ten,
making it quick and easy to memorize. By providing
guidance for first, second, third, and fourth choices,
ISO 497 maximizes the likelihood of compatibility
between independently developed hardware. Finally,
since ISO 497 is an infinite series, it never needs to be
revised to extend to larger or smaller sizes.

ISO 497 can be applied directly to the "a" dimension of
rectangular wavegukle. The resulting 2 dB spacing in
the preferred sizes is ideally suited to provide complete
frequency coverage for generic test equipment with the
minimum number of different sizes. Table 1
summarizes the first choice preferred sizes.

A new standard waveguide flange should be compact,
provide a high degree of repeatability without requiring
undue skill and attention of the user, should be robust
against damage to precision surfaces, and should
include only metric threads. This paper will discuss in
more detail requirements and choices for submillimeter
waveguide flanges, and will present a concept for
gendered waveguide flanges for directional components
like sources, mixers, isolators, and (eventually)
amplifiers that eliminates the need for insertable gender
changers.

The research described herein was carried out at the Jet
Propulsion Laboratory, California Institute of
Technology, Pasadena, California, USA, under contract
with the National Aeronautics and Space
Administration.

[1] MIL-DTL-85/3B
[2] Kerr, A. R., Wollack, E., and Horner, N.,

"Waveguide Flanges for ALMA Instrumentation,"
ALMA Memo #278, 1999.
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Abstract

Quasi-Optical Faraday Rotators (Q0FRs) are a vital enabling technology for a wide
range of millimeter and submillimeter wave applications. Q0FRs are used in the
construction of quasi-optical isolators and circulators for use in a wide variety of radar,
imaging and precision measurement systems, where they provide a low loss and low
VSWR alternative to conventional waveguide devices.

Using data from the characterization of magnetized ferrite samples, together with data
for adhesives and dielectric matching materials, a model has been developed that
accurately predicts the performance of finished Q0FRs. This model can be used to
optimise the design of Q0FRs for any desired centre frequency and bandwidth. This
model has been experimentally verified by the construction of several W-band (75-110
GHz) devices using these designs. The results show excellent agreement with those
predicted by the model for devices constructed using both sintered and plastoferrites
and a variety of matching materials. The model has also been extended to predict the
likely performance which might be realized for devices designed for operation at up to
500 GHz.
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Abstract— GORE—TEXO material, commonly used in
radomes, is known to be transparent at microwave bands. In
ALMA a thin GORE—TEX membrane will cover the aperture
through which the RF beam enters the cabin at the primary
vertex hole. Slabs of GORE—TEX @ are also generally employed
in windows for intermediate temperature shields inside the
cryostat. The purpose of these windows ideally is to allow the
beam to pass through them without introducing any alteration
to the beam properties. The main concern is RF loss, but
also cross-polarization efficiency degradation. This paper will
concentrate on the results we have obtained for ALMA band 9
(602-720 GHz), in relation of loss of cross-polarization efficiency
of a linearly polarized beam passing through a GORE—TEX(C)
slab, depending on its orientation relative to the direction of
polarization of the beam. In order to spot anisotropic behavior
of the material under test, an ad hoc measurements set-up
has been used. Systematic measurements of cross- polarization
properties for different thicknesses of GORE—TEX (C) slabs were
undertaken. Cross-polarization information is given in relation
of the relative angle between the incident beam polarization and
the material under test.

I. INTRODUCTION

For the band 9 cryogenic receiver GORE-TEX I slabs are
used at the windows of 12 and 90K intermediate shield
temperature cryostat stages. During a cross-polarization mea-
surement campaign of the two beam polarizations of the band
9 receiver, we noticed poor cross-polar efficiency performance
of the system. After some trouble identifying the cause
it remained to verify the transparency of the GORE-TEX
windows. It became apparent that the slab of GORE-TEX
was inducing extra cross-polarization levels accordingly to its
relative orientation with the signal polarization passing through
it. Further systematic analysis confirmed this indicating an
anisotropic behavior of the GORE-TEX material. The aim of
this paper is to report the cross-polar measurements we have
taken on various samples of GORE-TEX slabs. In section H
we give a brief description of the measurement set-up and the
kind of measurement techniques we adopted in order to show

'GORE—TEX GRO sheet gasketing. according DIN 28091, TF-0-0.

the initial hypothesis. Section III shows the results obtained
followed by conclusions.

II. MEASUREMENT SET-UP

In order to characterise various thicknesses of GORE-TEX
samples we assembled an ad hoc measurement bench set-up.
The system is depicted in figure 1 (a) including the numbering
of the items that compose it. The system can allow total power
measurement of a submillimeter signal using a computer
controlled broadband source (600 - 700 GHz) (item #1) and
a cryogenic high sensitivity bolometer (item #6). The sub-

(a) Measurement Set-up.

(b) GORE—TEX sample.

Fig. I. Measurement set-up for the characterization of GORE—TEX slabs
and GORE—TEX sample.

millimeter signal is obtained from a Gunn diode at 100 Wiz
and further multiplied times 6 by a x2 and x3 multiplier.
The output of the source is propagated to the free space by
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Fig. 2. Transmission for a 2.8 mm GORE—TEX slab rotated at 0" and 90'
at band 9 frequencies.

mean of a diagonal horn. A plano-convex 'Teflon lens (item
#2) is used to refocus the beam power along the other system
components and finally at the bolometer aperture. In order to
obtain a pure linearly polirised signal at the Sample Under
Test (SUT) (item #4) a rotatable wire grid is located between
the SUT and the lens. A second wired grid between the SUT
and the bolometer is used to allow power detection of the co-
or cross-polar polarization of the SUT transmitted signal. The
standing wave phenomena occurring along the chain set-up
was minimised by using Ecosorb sheets and rotating items
2, 3, 4, 5 in such a way the standing waves couldn't form. The
SUT is mounted on a computer controlled rotational support.
Grids #5 and #3 were manually rotated in order to ensure
the measurement of only co- or cross- polar signal at the
bolometer. The system as it is can be used for SUT power
transmission measurements sweeping the source frequency
and co- and cross-polarization power signal measurements
of the transmitted signal at different rotation angles of the
SUT. The aim of the first kind of measurement is to show at
which frequencies the SUT is transparent. If this measurement
procedure is taken for the two principal axis directions of the
SUT than we can highlight the possible anisotropic properties.
The second measurement procedure is performed at a fixed
frequency but with the SUT rotating around the axis normal
to the SUT surface. By measuring co- and cross-polar power
versus the rotation angle of the SUT it is possible to show the
level of cross-polarization introduced by the SUT at different
relative orientation angles in relation with the source linear
polarization direction.

III. RESULTS

It has been noticed that by rotating the sample of GORE-
TEX around the normal at the surface of the sample, different
levels of power were recorded when the system of figure I
(a) was tuned to a fixed polarization direction. This suggests
that there is a material anisotropic behavior. It has also been
noticed that there is a direction of preference of the sample
rotation. When the text on the sample (figure 1 (b)) is aligned
or at 90

0
 with the polarization of the incident beam we have a

peak in the transmitted signal. Thus in the following pictures
the 0 in the abscissa axis will refer to co-alignment of the text

with the polarization of the incident signal.

A. Transmission

The aim of this measurement is to show possible differences
in the refractive index along the two main axis directions of
the sample (along and at 90' of the text direction). As an
example a slab of 2.8 rant was tested sweeping the frequency
source from 590 GHz to 700 GHz. Figure 2 shows the
transmission varying with frequency and also with the sample
text rotation, indicating a different refraction index along these
directions. For the purpose of finding the peaks of transmission
a sine curve was fitted to the data. At these peaks (607.7
and 657.4 GHz for 0° — 614.0 and 663.8 GHz for 90°)

Cross-Polar a ter the non... eieb - 2,8mm, 687n..

50 100 150 200 250 300 350 400
Text Orientation, [degree]

(c) 687 GHz.

Fig. 3. Cross-polarization introduced by a 2.8 mm slab of GORE—TEX at
various frequencies.
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the refractive index n, can be evaluated from the expression
that gives the phase delay inside the slab of thickness d:

2irdrz/Ao [3]. At peak locations the phase delay is
an integer multiple of IT. Solving this expression for two
frequencies of maximum transmission we found a refractive
index of 1.0587 at 0' and 1.048 at 90'. This preliminary
result shows the anisotropy of GORE—TEX and brought us to
investigate the cross-polarization properties of this material.

B. Cross-Polarization
We than acquired more data for different thicknesses and at

different frequencies in order to find out how the transmitted
cross-polar level was affected by the SUT at different rotation
angles with respect to the incident polarization signal. We
first considered the sample of 2.8 mm at three frequencies
(608, 648 and 687 GI-1z). In figure 3 we observe that indeed
the GORE—TEX slab introduces cross-polarization. The lowest
peaks (no cross-polar introduced) coincide with the direction
of the text on the slab surface and its orthogonal direction.
At 45° and at 90

0
 spaced multiples we notice a level of

cross-polar introduced by the SUT of —14 dB at highest
frequencies. Other two different sample thicknesses were
tested, 1.57 mm and 6 mm. As expected for a thinner slab
the cross-polarization introduced is lower compared with the
2.8 mm previous case. For a slab of 6 mm the extra cross-
polarization does not appear to increase much more because
of twice the thickness, in fact at 45° the level is at —13dB
for the frequency of 648 GHz.
Another interesting experiment was to measure the cross-
polarization of a pair of same thickness sheet samples
(2.8 mm) facing each other at 90°. Since the predominant
orientation of the polymer chains in the GORE-TEX slab
develops anisotropy (i.e. birefringence), it has two different
dielectric constants for two different orthogonal axes inducing
elliptical polarization. It is known that elliptical polarization
can be converted back to linear by the same slab of material
rotated 90° [4]. Figure 5 shows the results of this experiment.
Indeed we observe a cancellation of the cross-polarization
effect. leading to a low level flattered cross-polarization re-
sponse.

IV, CONCLUSIONS

In this paper we have shown the cross-polarization effect
introduced by a slab of GORE—TEX of different thicknesses
at the frequencies of ALMA band 9. We have pointed out
that there is a dependence on the rotation of the sample in
relation to the incident signal linear polarization. In particular
it looks that due to fabrication procedures, there are two
preferred directions of minimum cross-polarization effect:
along and normal to the text on the GORE—TEX sheets. At
45° it has been shown that there is indeed a high cross-
polarization effect scattering co-polar power to the cross-polar
component of the transmitted signal up to —13dB of cross-
polarization efficiency for a thickness of 6 Min. A further
experiment having two identical slab samples of 2.8 mm
thickness orthogonally faced has demonstrated that the cross-
polarization effect induced by the first slab can be cancelled
by the second one.
Despite the qualitative work carried out in this paper we
suggest that further tests must be carried out on more samples,
as well as on different kind of inaterials, even at different
ALMA bands where cross-polarization is a concern.

Fig. 5. Cross-polarization introduced by a pair of same thickness sheet
samples (2.8 mm) facing each other at 90 f = 648 Gliz.

REFERENCES

[1] http://www.gore.comfen  _xx/productslfabricshnicrowave/microwaveltmd

282



17th International Symposium on Space Terahertz Technology P2-23

[2] V. Gasho, S. Stanghellini, Technical Specification for the Design, Man-
ufacturing, Transport and Integration on Site of the 64 ALMA AN-
TENNAS, ALMA-34.00.00.00-006-A-SPE Version: A, December 15th,
2003.

[3] P. F. Goldsmith, Quasioptical Systems: Gaussian beam quasioptical
propagation and applications, IEEE Press, New York, 1997.

[4] R. C. Jones, New calculus for the treatment of optical systems, J Opt.
Soc. Am, 31, 488493, (1941).

283



(a) (b)

a

(a)

(b)

17th International Symposium on Space Terahertz Technology P2-24

Rigorous Analysis and Design of Finline Tapers for
High Performance Millimetre and Submillimetre

Detectors
Chris North, Ghassan Yassin and Paul Grimes

Astrophysics, Oxford University, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH
Email: cen@astro.ox.ac.uk

Abstract- Antipodal finline tapers have demonstrated ex-
cellent performance in conjuction with SIS mixers and have
recently been used with TES detectors for the CMB polarisation
instrument CLOVER. In this paper we present the computation
of the finline parameters using the Transverse Resonance method
and Spectral Domain Analysis and compare them with those
obtained from Finite Element simulations. We also present a
software package that can read an input file and then synthesise
a minimum length taper for a requested return loss. The input
file must contain the cutoff frequency as a function of the finline
slot dimension which can be computed externally to the synthesis
package.

I. INTRODUCTION

Previous publications [1] have demonstrated the advantages
of finline mixers at submillimetre wavelengths. An antipodal
finline taper allows the mixer to be fed by a high-performance
corrugated horn, easy fabrication of the mixer chip and can
be fully integrated with other planar circuit technology.

Experimental investigation of the mixers at frequencies
between 230-700GHz has shown that finline mixers have high
bandwidth, high optical performance (low sidelobes and cross
polarisation) and low noise temperature. The larger substrate
allows the integration of important planar circuits for sideband
separation and balanced mixers [2]. Their ease of fabrication
and high performance makes them ideal for use in large-format
arrays.

Figure 1 shows some schematics of finlines in waveguides,
along with dimensions and axis conventions. The metallisation
layer lies across the middle of a split-block waveguide in the
form of two fins separated by 400nm of oxide and desposited
on a 220ttm thick substrate. Figure 2 shows a mask of a
finline chip and the Electric fields at various points along the
transition from waveguide to microstrip.

At THz frequencies, rigorous analysis of finline tapers
is complicated by the large variation in lateral dimensions
and relatively large metallisation thickness. Previous analysis
methods have divided the taper into three sections. When the
fins are not overlapping, the taper was approximated to a
unilateral taper and analysed with Transverse Resonance (TR)
or Spectral Domain Analysis (SDA). For the second section.
Where the fins  are overlapping. SDA was used, though this
ignores the rnetaliisation thickness and the substrate carrying
the fins, which is only a valid assumption if the overlap is
larger than the fin separation. The third section is microstrip,

which has been fully analysed using Conformal Mapping [3].
The taper itself can be synthesised using using the Optimum
Taper Method (OTM), which tapers cutoff frequencies to give
a required return loss for a minimum taper length.

In this paper we present and compare new procedures
for analysing the the performance of finline tapers which
can be applied along the whole taper. The Optimum Taper
Method is still used, but the cutoff frequencies can be supplied

Fig. I. (a) Schematic of a finline chip in a waveguide. (b) Top: Unilateral
finline with dimensions; Bottom: Antipodal finline with dimensions.

Fig. 2. (a) Mask of an SIS mixer chip utilising an antipodal taper at 230GHz.
The metallisation layers are visible, as well as the semicirculare structure
which converts overlapping fins into a rnicrostrip. (b) The Electric field lines at
various points along the transition: empty waveguide (A), unilateral finline (B),
antipodal finline (C), the start (D) and end (E) segments of the semicircular
transition to microstrip (F).
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algebraic equations. By setting the determinant of the coeffi-
cients to zero the propagation constant can be found, while
finding the coefficients yields the characteristic impedance.
The relationship between the Fourier transforms of the currents
and fields may be written as

(Gn(k„,/3)Gyz(1,3,,,,f3))7.ky(kin)) (5)
(kn, , 13) G zz(kn, 3) I \E (in))

where
coordinate.

The electric
such that

mr/b is the Fourier parameter of the y-

field is expanded in terms of basis functions

where c-.6i ( kn ) and 1-Pi (L) are Fourier transforms of the basis
functions O i (y) and itpi (z).

By substituting (6) and (7) into (5), and using Galerkin's
method we obtain an (M+N) x (11/1 +N) set of homogeneous
linear equations with unknowns a i and bi . By solving the
resulting equations we obtain the propagation constant 0.

The choice of basis functions is important when using SDA,
both in terms of the form and the number of terms Al and N.
In [5] rectangular and sinusoidal basis functions are discussed,
while in [1] it is found that Legenre polynomials for 05(y) and
sinusoidal functions for v(z) give accurate results for both
unilateral and antipodal finlines.

As mentioned previously, in our solution we did not take
into account of the substrate, although it could easily be
incorportated in the formulae.

III. THE OPTIMUM TAPER METHOD

A. Parameters

The parameters required to perform the analysis are:
1) The frequency to be analysed (f0 ), in this case 90GHz.
2) The required cutoff frequency at the start and end of the

taper (f,(0) and f(l)); in this case around 53GHz and
23GHz respectively.

3) The return loss required (14 in this case -30dB

B. The Method

Following [4], the reflection coefficient of a taper of length
I is given by:

R(13) = -+(z') exp{ f - 213(f, )clz}dz i (8)
o

If we only consider a given frequency fo (at which we want
to analyse the taper) then by making the approximation that
the exponent of (8) can be approximated to a product of a

(6)

(7)
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from finite-element simulation software or any other rigorous
simulation package. We have developed a software package,
in Fortran90, which reads an array of electrical parameters
and outputs a taper profile in numeric and graphical formats.
We descibe the current analysis methods in §11 and the
optimum taper method in §III. §IV outlines the proposed
computational method, while §V discusses the results of the
different methods.

II. CURRENT ANALYSIS METHODS

Previous analyses [1] have used Transverse Resonance (TR)
and Spectral Domain Analysis (SDA) to calculate cutoff
frequencies and propagation constants. While TR can be
accurate for thick metallisation, but doesn't take dispersion
into account, SDA gives full-wave computation including
dispersion, but assumes infinitely thin metallisation (see §II-
B). Consequently, the analysis is least rigorous when the
fins overlap slightly, since both metallisation thickness and
dispersion are important. Moreover, there is always a difficulty
in matching the solutions produced by two separate methods.

A. Transverse Resonance

Transverse Resonance calculates the cutoff wave number ke
by finding the first zero of the transcendental equation [4]:

-cot(kc / i ) - cot[kc(i i (I)]+ -
s
tan(10) — = 0 (1)

where the dimensions b, d, t, ii are those defined in Fig. 1. The
term B/Y is the normalised susceptance of the gap, calulated
using the equivalent circuit of the finline from:

—
B

 -
b

lc,[213
1 	+ Pb)]Y Ir

In{cosec(-; 15
6

 )}

Ps = -
s 

• arctan( 1 + 1n 0 + (di s)2)

P
b
 =

b 
- arctan(-

b

 ln ,V1 + (d1b)2)

The propagation constant (0) can be related to the cutoff
frequency by the following relations:

3 =- ko V
-
EeqVl — ( fel f0)2 (3)

where E eq is an equivalent dielectric constant given by:

E eq = (k c I kco)2 (4)

where kw is the cutoff for wave number Er-= 1, so it satisfies
(1) and (2) with that condition.

B. Spectral Domain Analysis

Spectral Domain Analysis (SDA) is based on finding a
matrix equation which relates the Fourier transforms of the
current and fields by the dyadic Green's function. The advan-
tage of this method is that it converts the differential equations
given by Maxwell's equations into a homogeneous set of

(2)
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frequency-dependent (which is normailsed to 1 at f = fo and B.
a z-dependent term, [4] show that (8) becomes

R(n) = c K(e)
f20

(9)

where is a z-dependent phase-space variable given by [4]

ioz 
2,3(fo, ' )dz' e(z) (10)

and C is a normalising constant defined such that

120 K( )d

The value of C is then given by:

( 1 — (i((1)ii0)2 

— (ic(0)/fo)2

where f(z) is the z-dependent cutoff frequency.
The definition of 9 is:

0 = arccosh(C/Rmax) (13)

where It„,„ is the maximum permissible return loss (one of
the parameters mentioned above). The value of is then in
the range 0 < < 20,with e(0) ------ 0 and e(1) = 20.

C. Calculating the Cutoff Frequncies

The coupling distribution K() is chosen to make sure the
reflection coeffient is below Rmax for all frequencies above
fo- Due to the normalisation of K() given by (11) and (12),
the integral

I() = K(Odel (14)

has boundary conditions 1(0) =- 0 and 1(20) = 1. The cutoff
frequency for a given value of is given by:

= je,(0) - + V1,12 + (1 — 21)exp(4C/(6))) (15)

where F = 1-(fc(0)1.02

IV. PROPOSED METHOD

A. Finite-Element Simulation

Finite-element simulation software such as Ansoft HFSSI
can be used to accurately simulate sections of transmisison
lines to calculate the electrical parameters. While the soft-
ware returns the propagation constant acurately and straight-
forwardly, the cutoff frequencies must be obtained by scanning
a range of frequencies around the expected value. In our
calculation we made use of the fact that the cutoff frequency
is usually accompanied by a sharp change in other parameters,
such as the impedance or S-parameters.

http://www.ansoft.com

Computational Procedure

The computational procedure is as follows:
1) Select a return loss (Rmax) and target frequency (fo).
2) Determine initial and final cutoff frequencies ( M0) and

f( (1)) from simulations.
3) Run simulations on a range of slot widths to obtain

cutoff frequencies and propagation contants.
4) Input waveguide parameters:

a) Waveguide width and height
b) Substrate thickness and dielectric constant
c) Metallisation thickness

5) Run the code, which does the following:
a) Determine normalisation constant C from (12) and

0 using (13).
b) Choose a step size for e based on 0 and the number

of steps along the taper (e.g. 500)
c) Set z = = 0 and the inital slotwidth (s(0)).
d) Step through by one step and calculate the cutoff

frequency (f,()) using (15).
e) Interpolate within the array of slot widths and

cutoff frequencies from simulations to determine
the new slot width (s()) and propagation contant
(j3())-

0 Using the relation in (10), calulate the step size in
z, from Az 

g) Repeat 5d) to 5f) until e = 20.

V. RESULTS AND DISCUSSION

Figure 3 shows the results of the three different analysis
methods combined with the OTM to synthesis the taper. The
results are at 90GHz for a taper in a WR10 waveguide
(a = 2.54mm, b 1.27mm), with a final slot width of
around 0.01mm and a maximum return loss of -30dB. The
substrate was 220/.cm thick and had a dielectric constant of
E,. = 2.2. The taper produced is 3.8mm long, or 1.14A (see
Fig. 3(d)). While all the results are for unilateral finlines,the
process simply generates a sequence of slot widths based on
the cutoff frequencies returned by the OTM, and so would
work for antipodal finlines. Finite-element simulations return
accurate results for any slot width and will therefore be used as
a benchmark. We are in the process of using HFSS to generate
the parameter of the antipodal section.

From Figure 3, it can be seen that the computations done
using TR or SDA compare very well with the exact results
computed using HFSS. This is because in the slotline geometry
the effect of metallisation thickness and dispersion is not very
large. It is interesting to notice that from 3(a) that there is a
small deviation between HFSS and TR at large slot widths,
which is to be expected since the TE approximation of a
slotline fails when the slot is large. We also notice that there
is a deviation between HFSS and SDA at large slot widths.
This is, however, the result of the fact that the number of basis
functions in (6) and (7) used in the computation was too small
to give accurate results. In general, however, SDA and HFSS
should agree very well at large slot widths.

f,(0) 
=

_

) 4

(11)

(12)

286



-7tssi

reque- c vs„ n1oi. idea

Slot Wicitti (min)

(a)

Propaaati,M 011Stnflt as a Ict,,

Slot Arid

(b)
Cutoff Frequency vs

0 5 15

17th International Symposium on Space Terahertz Technology P2-24

(c)

The results shown in Figure 3(c) show the cutoff frequency
as a function of the dimensionless phase variable, (see §II-
A). This is sensitive to the initial and final cutoff frequencies

(fe(
z -------- 0; 0) and fc (z =- 1; = 28) respectively), which

accounts for the small deviations.
The tapers produced by the OTM are shown in Figure 3(d).

The deviation of SDA from HFSS is discussed above. The TR
taper also shows deviation at large slot widths, as discussed
above, though it is within current fabrication tolerances of 5—
10%.

VI. CONCLUSION

We have investigated the synthesis of finline tapers using
TR and SDA and compared them with HFSS simulations. Our
results show that the two methods can be used accurately even
when small slot widths must be reached. It should be noted
that the SDA results can be further improved by taking the
metallisation into account using the Wheeler correction [6]

So far we have designed antipodal ftnline tapers using
the SDA, therby neglecting metalisation thickness and the
existance of the substrate carrying the fins. This approximation
may not be accurate when the fins overlap is comparable to the
thickness of the oxide that separate the fins. It can therefore be
largly improved by including the substrate in the Dyadic Green
function and the metalisation thickness using the Wheeler
correction. Alternatively, accurate synthesis of the finline taper
can be obtained by using the the taper synthesis code presented
in this paper, in conjunction with an array containing the cutoff
frequency as a function of the slot dimension.
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Fig. 3. Comparisons of the results of the three methods discussed in the
text. Red solid: Transverse Resonance; Blue dot-dashed: Spectral Domain
Analysis; Green dashed: HFSS Simulations. (a) Cutoff frequency vs. slot
width, (b) Propagation constant vs .slot width, (c) Propagation constant vs
cutoff frequency, (d) The taper produced by the three methods.
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applications
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Abstract- The autocorrelation spectrometer is one of 5
types of spectrometers being considered for space based
(sub)millimetre heterodyne systems. The advantages of the
digital autocorrelation spectrometer compared to Chirp
Transform, Acousto Optical and Filterbank spectrometers are;
stability, compactness, high reliability and variability in
bandwidth and resolution. FFT spectrometers based on the
latest generation of FPGA devices now promise a cost effective
alternative for low to medium bandwidth applications with
high resolution requirements.

Omnisys has designed and implemented several generations
of autocorrelation chip sets and spectrometers. This range
from the ODIN satellite spectrometers now in LEO to our
current 8 GHz single chip spectrometer under development.

The ODIN chip set was a breakthrough at the time (1998).
The power consumption was lowered by a factor of 50
compared to state of the art. Since then we have further
improved the power consumption with a factor of 40, and we
are now reaching 8 GHz of bandwidth for a single
spectrometer chip.

Index Terms-Spectrometer, Radiometer, Correlator, FFT.

I. INTRODUCTION

T
HE autocorrelation spectrometer is one of 5 types of
spectrometers being considered for space based

(sub)millimetre heterodyne systems. The advantages of the
digital autocorrelation spectrometer compared to Chirp
Transform, Acousto Optical and Filterbank spectrometers
are; stability, compactness, high reliability and variability in
bandwidth and resolution. FFT spectrometers based on the
latest generation of FPGA devices now promise a cost
effective alternative for low to medium bandwidth
applications with high resolution requirements.

Omnisys has designed and implemented several
generations of autocorrelation chip sets and spectrometers.
This range from the ODIN satellite spectrometers now in
LEO to our current 8 GHz single chip spectrometer under
development.

Fig. 1. Two generations of autocorrelation spectrometers, ODIN on the left
and IntRacl on the right.

The ODIN chip set was a breakthrough at the time
(1998). The power consumption was lowered by a factor of
50 compared to state of the art. Since then we have further
improved the power consumption with a factor of 40, and
we are now reaching 8 GHz of bandwidth for a single
spectrometer chip.

Ornnisys has now a preliminary design of a single chip
spectrometer with 8 GHz bandwidth and 1024 channel
resolution, backed by simulation based on extracted
parasitics. Tape-out for spectrometer chip is planned for
June 2006 with devices available for commercial use 6-9
months later. This spectrometer can be configured for
operation with 64, 128, 256, 512 and 1024 channels. The
maximum power consumption with 1024 channels at 8 GHz
is estimated to be 2.8 W and with 64 channels, we will have
a power consumption of about 0.5 W.

Fig. 1. Schematics of the single chip spectrometer. On the left is the bipolar
digitiser and on the right, the CMOS correlator part.

Omnisys has also developed an FFT spectrometer for
ground based applications. It follows the single Eurocard
standard size and provides up to 2 GHz bandwidth and 1-4
inputs. With four inputs, the maximum processed bandwidth
is 500 MHz. Two spectrometer boards will be delivered to
customers during Q1 and Q2 of 2006, one for aeronomy and
one for radio astronomy. The price starts at 20 000 Euro per
board.

II. AUTOCORRELATION SPECTROMETERS

Omnisys development of autocorrelation spectrometers
since 1992 has focused on minimising power consumption
and mass to make them compatible with satellite operation.
For ODIN, the power consumption was reduced with a
factor of 49 compared to state of the art another factor of
100 is expected for the current generation. The processed
bandwidth has increased from 20 MHz up to 8000 MHz in
the same period.

A. ODIN

The ODIN spectrometers were developed and produced
during 1996-1999 and being operated successfully on ODIN
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since 2001. The main specifications are; 100-800 MHz
bandwid th, 896 channels, 18 W, 1 kg.

Fig. 3. The ODIN autocorrelator spectrometer and spectra obtained from
space.

B. TELIS

The TELIS generation of spectrometers were developed
and produced during 2000-2002 and will be operated on the
TELIS balloon platform. The chip set was developed as
demonstrators under an ESA contract, motivated by
missions such as HIFI/HERSCHEL and MASTER.

Fig. 4. The TELIS generation of spectrometers.

The main specifications are;
• 22 GHz bandwidth
• 2x1024 channels
• 2-4 GHz Input
• 22W
• 1.1 kg
• 100 k Euro

C. INTRAD

The INTRAD generation of spectrometers were
developed and produced during 2001-2003 and was
demonstrated in a 300-380 GHz integrated 1 kg / 10 W
radiometer in 2003. The chip set was developed as
demonstrators under an ESA contract, motivated by
missions such as Mambo. The main specifications are;

• 1x4 GHz bandwidth
• 1x4096 channels
• 4-8 GHz Input
• 10 W
• 493 grams

Fig. 5. IntRad spectrometer.

Fig. 6. Spectrum at 320 GHz input CW signal.

III. SINGLE CHIP AUTOCORRELATION SPECTROMETER

Based on the demonstration chip sets and production
based single chip spectrometer is under realization. Tape out
is planned for june-2006. The single chip spectrometer will
be implemented in IBM 7WL 0.18 um BiCMOS process.

Fig. 7. Bipolar digitiser schematics.

Fig. 8. Simulation at 7.9 GHz CW input signal.

The digitiser/ADC is a 100% bipolar design as this is
required to make the analog part compatible with
autocorrelation spectrometer requirements, in respect to
sampling jitter, gain and bandwidth, analog comparator
accuracy etc.

The correlation signal processing is implemented in
CMOS, the technology of choice for fast, high density
digital circuits today. The current design is scalable to 20
GHz bandwidth and beyond within a few years time.
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Fig. 13. Linearity over 10 dB.
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Fig. 9. Correlator block diagram.

I

Fig.10. Simulation at 17.2 GHz effective sampling rate.

The chip will be directly compatible with the
requirements for instruments and missions such as STEAM,
CIWSIR and MASTER/MARSCHAL. In addition, it also
suits interplanetary radiometers such as Mambo, making
complete radiometers realistic with mass and power budgets
compatible with such missions, i.e. < 1 kg, < 10 W.

• 0.1-8 GHz bandwidth
• 64-1024 channels
• 0.5-2.8 W
• 30 kRAD

IV. FFT SPECTROMETER

Not all radiometer spectrometers operate in the space
environment with very hard restrictions in power
consumption and mass in combination with radiation
tolerance etc.

Omnisys has developed an FFT type of spectrometer
compatible with ground based operation with emphasis on
flexibility and cost effective design solutions. One
spectrometer has been delivered in February 2006 and tested
with the instrument and the second one will be shipped in
May 2006. The board support up to 2x1000 & 4x500 MHz
operation, Stokes parameter processing, and more that 32 k
channels of resolution. Price will start at 20kEuro.

Fig, 11. FFT spectrometer board. 100x160 mm with 96-pin Euroconnector.

The
Fig. 12. SNR as a function of integration time.

CW Nepali& vs ErEput power (kog scale)

Fig. 14. Signal minus reference with noise + CW signal. (13W:500 MHz

Fig. 15. Signal minus reference with noise.

V. CONCLUSION

Omnisys has developed several generations of
autocorrelation spectrometers. The ODIN spectrometers
have now started the 6th year of successful operation in
orbit, while the generation that is scheduled for tape out in
June 2006 promise to deliver up to 8 GHz of processed
bandwidth with 1024 channels. The power budget is
between 0.8-2.8 W depending on clock speed and
configuration.

Omnisys has also developed an FFT spectrometer
platform that can be used to realise highly flexible solutions
providing up to 2 GHz bandwidth and more that 32k
channels. Variable resolution, polarisation processing etc
will be supported and it is available for shipping in Q3
2006.

ACKNOWLEDGMENT

The development has been supported by the Swedish
National Space Board, ESA, CHACH (Chalmers
competence centre) and direct flight model contracts from
SSC.

290



1.0

0.8

0.6

0.4

0.2

0.0

0

17th International Symposium on Space Terahertz Technology P2-26

Atmospheric Opacity Above 1 THz: Evaluation
for the ALMA Site and for Laboratory

Developments

Juan R. Pardo, Eugene Serabyn. Jose Cernicharo, and Martina C. Wiedner

Abstract—This contribution is aimed at reviewing the
impact of the atmosphere for millimeter and submillimeter
wave observations performed from platforms inside the
Earth's atmosphere with special focus on the supra-THz
regime. The current models have also been applied to typical
laboratory conditions, because absorption and pathlength
fluctuations there have to be taken into account when
developing and measuring characteristics of Supra-THz
components.

Index Terms—Atmospheric Measurements and Models,
Terahertz Technology, Longvvave Astronomy and Remote
Sensing.

I. GROUND-BASED FOURIER TRANSFORM SPECTROSCOPY

AND WATER VAPOR RADIOMETRY OF THE ATMOSPHERE

n extensive study of the atmospheric transmission at
r-1mm and submm wavelengths has been performed since
the early 1990s with a Fourier Transform Spectrometer
(FTS) mounted at the CSO telescope atop Mauna Kea (4100
m above sea level). The goal of this work, described in [1]
has been to compile a data base of accurately calibrated
spectra for use in refining atmospheric models.

non-resonant opacity terms is paramount. Due to the access
to very dry conditions, we have been able to successfully
separate the "wet" and "dry" non-resonant opacity terms up
to 1.6 THz for the first time. The best spectra obtained in
this series of experiments (see [1], [2] and [3]), and the
resulting model, are shown in Figure 1.

A 3-channel water vapor radiometer, described in [41
operating near the 183.31 GHz water line has also been used
for different site testing studies at Mauna Kea, included a
cross-comparison with the FTS [5]. The instrument was a
first prototype of a kind of device intended for monitoring of
water vapor fluctuations on very short time scales to
perform phase corrections for interferometry.

A. Latest Results on Non-Resonant Absorption at
Frequencies above 1 THz

While our earlier work extending up to 1 THz [1] allowed
the separation of the -wet" and -dry" non-resonant
atmospheric opacity components with both shown to be
following v2 laws in this regime, in [3] we report on the
extension of these observations up to 1.6 THz. In the higher
frequency regime, our results indicate that the v

2 description
may begin to fail due to the proximity of the FIR band
centers. The far wings of lines above 2 THz account only for

300 400 SOO 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Frequency (Gnz)

Fig. 1. Top panel: Best Atmospheric Fourier Transform Spectroscopy Scans obtained at Mauna Kea during the period 1995-2003. The estimated zenith water
vapor column has been obtained from fitting the data with the model presented in [1]. Bottom panel: Resulting atmospheric transmission model for Mauna
Kea for 0.4 zenith water vapor column (dark curve) and its splitting in different opacity sources (see [1]).

In this context, the separation of the resonant (lines) and
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a very small fraction of the total opacity so that errors in
them can explain the non-resonant continuum-like
atmospheric opacity. This can be seen in in the results
plotted in Figure 2.

Reanalysis of the data presented in Fig 2, plus new data
(of better quality) acquired in 2003 (all data can be found in
Fig. 1) confirm the new findings about the non-resonant
atmospheric absorption beyond 1 THz. The total continua
extracted from the FTS measurements (dots in Fig. 3), are
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compared to the result of combining the N 2-N2 + N2-02 +
02-02 collision induced absorption (dashed line in Fig. 3)
and the V2 foreign-H20 continuum (dotted line in Fig. 3).
The overestimate above 1.2 THz of the combined result
(solid line in Fig. 3) appears evident. The black crosses
represent the total foreign-H 20 absorption according to the
model presented in [6]. The dry non-resonant absorption, on
the other hand, seems to be well described by the model
presented in [7].

B. Water Vapor Retrievals and Phase Correction.

Fig. 2. Atmospheric FTS data acquired on 2002 March 3 above 750 GHz
(upper panel) with the predicted contribution from 02 and H20 lines. The
resulting excess of (non-resonant) absorption is represented by the dots in
the lower panel. Considering the dry component of this non-resonant
absorption to be as described in [7], it follows that the wet part of it
departs form a v2 behavior.

-
. Jan/21/2003

8

800 1000 1200 1400 1600
Frequency (1Hz)

Fig. 3. Reanalysis of the data presented in Fig. 2 plus new data acquired in
2003 that confirm that the foreign-H20 continuum in the Earth's
atmosphere no longer follows a v2 behavior (see text).

In an atmosphere without spectroscopic lines, the index of
refraction would be non dispersive so that the extra phase
difference due to different water vapor columns in two
different geometric paths scales linearly with frequency.
Water vapor fluctuations are fast and can act on all spatial
scales. Since H20 has strong lines in the submillimeter-wave
domain, it is the main responsible for phase fluctuations
affecting interferometric measurements that are, in addition,
dispersive. In order to translate the phase difference
measured at one frequency to other frequencies, it is
necessary to take into account the dispersive terms
calculated from the water line absorption coefficients by
using the Kramers-Kroning relations, as described in [1].
In order to explore water vapor retrieval techniques for
ALMA, we started a comparison campaign involving the
FTS mounted at the Caltech Submillimeter Observatory
and the Water Vapor Monitor (WVM) mounted on one of
the antennas of the Smithsonian Millimeter Array. Both
devices were therefore separated by only 250 m. Using the
ATM model to derive the sky coupling of the WVM and to
perform water vapor retrievals from the data provided by

both instruments has shown that it is possible to achieve an
agreement of about 0.02 mm in the retrieved zenith water
vapor column in time scales of several minutes (see Fig. 4).
Therefore, a combination of WVMs for each antenna plus
an accurate mmisubmm model (based on extensive FTS
work) provides a suitable tool for ALMA calibration in
situations with less than 1.5 mm of zenith water vapor
column. See [5] for details. WVM devices are currently
being developed for ALMA by Cambridge and Chalmers.
Another device has ben developed for APEX and is
currently being tested.

II. THE IMPACT OF THE ATMOSPHERE ON THz LABORATORY

DEVELOPMENTS.

8 10 12 14 18

Fig. 4. Precipitable Water Vapor (PWV) zenith column obtained from
fitting the WVM data recorded on 2002 March 3. At 8:00-8:10 UT we
recorded an FTS spectrum (lower right inset). The 310-510 GHz data
(upper right inset) was used to determine the PWV independent of the non-
resonant absorption.
The detailed comparison of PWV retrieved from both instruments is
shown in the left inset
data (upper right inset) was used to determine the PWV independent of the
non-resonant absorption.
The detailed comparison of PWV retrieved from both instruments is
shown in the left inset

It is also important to consider the effect of the atmosphere
when testing THz components in the laboratory. Even a
column of air of about 1 meter can produce significant
absorption beyond 1 THz and also can produce some
"turbulence" due to pathlength or phase fluctuations due to
water in that short column of air. These effects were
considered and discussed in a recent paper [8]. We have
included here some calculations of this effect (see Figure 5).
A laboratory situation with ambient pressure of 990 mb,
ambient temperature of 20 C and two different relative
humidity values (55% and 20%) have been considered, The
Figure provides the expected attenuation (represented in
terms of transmission) through 1 meter of air in those
conditions, as well as the total extra pathlength introduced
by water vapor.

III. AVAILABILITY OF ATM

A Linux executable version of the code is available to the
community upon request via e-mail at the following address:
pardo@damir.iem.csic.es . Please describe briefly the type of
calculations you need to perform so that a convenient macro
can be prepared and delivered together with the executable.
Within the ALMA project, a C++ interface is now under
development for use in the official software. People
involved in ALMA may ask also about this interface. For
more information about this code and related works:
http ://darn ir. iern.c sic. es/PARDO/pardo.html.
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Fig. 5. The impact of the atmosphere (both absorption and extra pathlength) in the laboratory for 990 mb and 20° C of ambient pressure and temperature.
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Terahertz frequency metrology and sensitivity
issues in photomixer spectrometer

L.F. Constantin, L. Aballea, J. Demaison

Abstract—We propose a compact photomixer spectrometer
setup, using 2 laser diodes locked on the resonances of an
ultrastable Fabry--Perot cavity, that generates difference
frequency Terahertz-waves with high spectral purity. We
investigate a cavity enhanced spectroscopic technique that
would increase the spectrometer sensitivity proportionally with
the cavity finesse. We demonstrate a broadband Terahertz
Fabry-Perot cavity with microstructured metallic-grid mirrors
that have a finesse of 50 at 1,2 THz. Its quality factor is greater
than 104 in the 0,6-2 THz spectral range.

Index Terms—Photomixing, Terahertz, Cavity-enhanced
spectroscopy, Submillimeter wave resonators, Frequency
measurement, Q factor

I. INTRODUCTION

I
N the last decades different coherent sources operating

at terahertz frequencies were developed in order to bridge
the electromagnetic gap between electronics and photonics.
Among them, the optically-pumped gas lasers are covering
the spectral range between 300 GHz to 3 THz with a dense
grid of emission lines. The frequency tuning over a discrete
spectral range can be ensured via the sideband generation
technique, which made these sources suitable for high
resolution molecular spectroscopy experiments.

The generation of terahertz-wave with a broad tuning
bandwidth [1] was demonstrated from the difference-
frequency of two detuned near-infrared diode lasers that are
heterodyned in a non-linear element, the photomixer. We
will focus in this paper on the design of a terahertz
spectrometer relying on photomixers and frequency
stabilised laser diodes and will approach sensitivity and
Terahertz frequency metrology issues. An important theme
in modern spectroscopy is the use of an extended interaction
length between matter and the electromagnetic field
confined inside a high finesse cavity for an increased
detection sensitivity. For example, the noise-immune,
cavity-enhanced, optical-heterodyne molecular spectroscopy
technique allowed reaching in the infrared range an ultimate
fractional detection sensitivity of 5.1043 [2]. Another
important theme is the application of frequency metrology
for precision measurements. For example, infrared
molecular lines with kilohertz-level linewidth have been
measured using an intracavity Ramsey separated fields
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spectroscopy technique [3]. This paper will thus explore
some possible ways to extent these potentialities of optical
cavities for precision measurements in the far-infrared
domain.

II. DIFFERENCE-FREQUENCY GENERATION OF ULTRA-

STABLE TERAHERTZ-WAVE

The non-linear element used for difference-frequency
generation is a low-temperature-grown gallium arsenide
layer (2 gm thickness). It was grown on semiinsulating
GaAs substrate using molecular beam epitaxy and was
subsequently annealed at IEMN. A pump-probe
photoreflectivity experiment allowed us to estimate the
photocarriers lifetime for different growth and anneal
conditions. Electron-beam lithography and lift-off process
were used to define a Ti:Au broadband spiral antenna with
interdigitated electrodes (width 0.2 gm, periodicity 1,8 lim)
over a 8 gm x 8 gm active area. Two monochromatic beams
of near-infrared radiation, focused on the electrodes,
modulate the conductance of the substrate. Upon biasing the
photoconductor, THz currents generated in the
photoconductor flows through the antenna that radiates THz
radiation. A hyperhemispherical silicon lens collimates
Terahertz radiation that can be further detected with an InSb
bolometer. The possible ways for the optimisation of the
output power of GaAs THz photomixer source [4] are
essentially achieving low photo-carrier recombination times
and low RC antenna constant and using a substrate with
high thermal dissipation. The generated power is expected in
the gW range up to 1 THz [5].

We propose a new setup for the photomixer spectrometer,
shown in Figure 1, that allows synthesizing any difference
frequency in the far-infrared domain from two diodes laser
that are locked on different longitudinal modes of a high
finesse Fabry-Perot cavity.

Figure 1: Frequency-locked Diode Laser setup for broadband difference-
frequency Terahertz generation

Our setup uses two commercial extended-cavity diodes
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laser in a Littrow configuration operating around 830 nm
with an optical power of 100 mW. They can be tuned
electrically over 30 GHz without mode hops and
mechanically over more than 15 nm. We recorded the
beatnote between the free running diode lasers (Figure 2)
that have a Lorentzian lineshape. The FWHM linewidth of
each laser is thus 1,5 MHz.

The emitted laser radiation is coupled to optical isolators
and a pair of anamorphic prism pairs. A k/2 waveplate
associated with a polarising beamsplitter cube transmits a

Frequency (MHz)

Figure 2: Beatnote of the free-running diodes laser
small amount of diode laser radiation to the frequency
locking system. We will use the Pound-Drever-Hall
technique [6] that operates a heterodyne detection of the
high-frequency phase modulated sidebands which are
reflected by the Fabry-Perot cavity using an avalanche
photodiode. It generates an error signal which is insensible
to the laser intensity noise and that have a bandwidth greater
than the linewidth of the cavity. The error signal can be used
to lock the diode laser on the top of the Fabry-Perot
resonance by a slow lock-loop, with the PZT that tune the
diode laser cavity length, and a fast-loop, with a high
bandwidth direct current control of the diode laser.

We developed a ULE etalon with finesse greater than 104
and a 750 MHz free spectral range. This etalon is placed in a
temperature-controlled evacuated chamber (pressure less
than 10-5 Pa) and supported through a 3-level mechanical
isolation stage that efficiently diminish the acoustic noise of
the cavity that limits the spectral purity and the ultimate
frequency stability of the locked diode laser.

The main part of the diode laser power is reflected by the
polarising beamsplitter to a set of double-passed acousto-
optic modulators, that have a bandwidth larger than one half
of the free spectral range of the cavity, that allows
continuous tuning of the difference-frequency without
causing the laser beams to deviate. The two frequency-
shifted laser beams are superposed, injected in a
polarisation-maintaining optical fiber - that guarantee spatial
overlapping of heterodyned laser beams - and finally
coupled to the photomixer. The synthesised terahertz
frequency can be estimated by the sum of an integer
multiple of the free spectral range of the Fabry-Perot cavity
and the two acousto-optic frequency shifts. Absolute
frequency calibration of the spectrometer can be further
derived from the measurement of molecular lines [7].

III. PROJECTION FOR AN INTRACAVITY PHOTOMIXER

SPECTROMETER

The main advantage of the photomixer spectrometer - its
broadband tunability over the THz domain - is
counterbalanced by a relatively small power level available
that limits the ultimate sensitivity in direct absorption
spectroscopy experiments. We propose the design of an
intracav ity photomixer spectrometer where THz radiation is
coupled to a high-finesse Fabry-Perot cavity containing the
molecular species of interest. This system represents the
extension at THz frequencies of intracavity microwave
spectroscopy experiments using the high-sensitivity Flygare
FTMW technique [8] in the time domain. We will discuss a
key issue of such system that is obtaining a high quality
factor of the resonator over a broad frequency range and we
will overview some potential detection schemes.

A. Cavity-Enhanced Spectroscopy

We will discuss the cavity-enhanced spectroscopy by
considering the absorbing molecules placed in a Fabry-Perot
cavity obtained by aligning two mirrors at a separation d
comparing to the cavity axis. The transmission T, the
absorption A and the reflection R coefficients of the cavity
mirrors (R+T+A=1) determinates the finesse of the cavity

F
F=

SR  
(1)

T + A FWILVI
that corresponds to the ratio of the free spectral range of the
cavity to the linewidth of its modes.

If P, is the incident Terahertz power coupled to the cavity,
one can derive how the transmitted power P, is modified by
the absorbing medium:

= T 2 T 2ad (2)

P, T+A

where the absorption coefficient a par unit length of the
sample gas is supposed low comparing to the cavity loss
(ad<<T,A). The contrast of the absorption signal
OP, 2ad 2F

T + A Ir

is enhanced by a factor of 2Fht, compared to the contrast of
the absorption signal in a direct absorption measurement in a
sample cell of length d.

Although cavity finesse is a key element in improving the
detection sensitivity, the role of T and A is not symmetric:
one should optimize the transmission T over the mirror loss
A in order to increase the absolute value of the transmitted
signal. Finally, for a higher absorption coefficient (ad —T,A)
one should optimise the mirror parameters individually in
order to maximise the molecular absorption signal.

Direct [1] and homodyne [9] detection schemes have been
demonstrated with a phototnixer-generated Terahertz-wave
and can be further adapted to a cavity-enhanced photomixer
spectrometer. The latter technique is closer to the original
ideas of the Fourier-transform microwave spectrometer [8],
where the radiation from free induction decay of molecules
is detected by an antenna and is processed through
heterodyne mixing. A homodyne detection used for a cavity-
enhanced photomixer spectrometer will allow phase-
coherent detection of the molecular signal, although the
photoresponse of LT-GaAs could be a limiting factor to the

ad (3)
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overall detection sensitivity of the system. Commercial InAs
bolometers with 1 MHz bandwidth, low detection noise
(NEP=2 pW.Hz 112) providing a high responsivity (4.104
V/VV) could be promising for a sensitive direct detection
scheme using high-frequency modulation techniques.

B. High finesse mirrors for the THz domain

Electroformed metal meshes have been used as reflecting
elements for Fabry-Perot cavities in the far-infrared domain
[10]. The flatness of such reflective material should be
better than k/F, in order to limit the cavity diffraction losses,
that could be a critical factor for high-finesse resonators.
Recently, multi-layer mirrors made of silicon wafers
separated by empty gaps have been demonstrated [11] and
used in the p-Ge laser cavity but accurate measurement of
the Q-factor of the cavity is lacking.

We developed a prototype of high finesse mirror
consisting in a metal-mesh deposited on a silicon substrate.
High resistivity silicon provides low absorption in the far-
infrared domain and have a relatively high index of
refraction n=3,42. Electron-beam lithography followed by a
metal lift-off process was used to define a Ni-Au
(thicknesses: 100A-100nm) one-dimensional metallic
microstructuration on a silicon wafer, shown in Figure 3.
The reflection and the absorption coefficients of the

Figure 3: Metallic grid on a silicon substrate

dielectrically-backed mesh can be modelised from a
transmission line formalism [12] that take into account the
geometry of the structure and its resistive losses. At
wavelengths longer than the periodicity of the stripes, the
radiation with the electric field polarised along the metallic
stripes (inductive grid) is strongly reflected, while the
radiation with a crossed polarisation is transmitted
(capacitive grid). The transmissivity of the inductive grid
increases when the laser wavelength decreases to the
periodicity of the grid. Because of interference effects in the
high-index silicon substrate, a modulation is superposed on
the transmission of the dielectric-backed grid. These
features can be observed in Figure 4 that shows the
numerical simulation of the transmissivity of a silicon wafer
1.2 mm thick with an inductive grid that have a width of 12
pm and a periodicity of 20 pm of its gold metallic stripes.

We characterised the far-infrared polarisation proprieties
of this element at different emission lines of an optically
pumped molecular laser [13]. The linearly polarised laser
radiation is incident at normal angle on the silicon wafer
fixed in a rotation mount. The transmitted beam is detected
with a bolometer using an amplitude modulation technique.

0,0 

1.130 BCC 100C 1200 1 1'00 1 5100

Frequency (GHz)

Figure 4: Simulation of the transmissivity of the metallic grid on a Silicon
substrate

Figure 5 shows the fractional transmission on different laser
lines when rotating the silicon wafer. At 635 GHz laser line,
it varies from 70% for the capacitive grid and less than 1%

Angler,

Figure 5: Extinction of linear polarised laser radiation

for the inductive grid. At higher frequency on the 1397 GHz
laser line, the fractional transmission of the inductive grid
grows up at 7%, while the fractional transmission of the
capacitive grid diminish at 36% due to the channel spectrum
in the silicon substrate. An anti-reflection coating designed
at the specified laser line should limit this parasitic
interference effect. The high extinction factor achieved with
the inductive grids seems very promising for using them as
high-finesse mirrors.

C. A high-finesse Fabry-Perot interferometer with
polarisation-dependent mirrors

We set up a prototype of a Fabry-Perot interferometer
using two meshes as polarisation-dependent mirrors. The
linearly polarised laser beam is collimated, crosses at normal
incidence both mirrors that are distanced by 3 cm and the
signal transmitted through the cavity is detected with a
bolometer. One mirror is mounted on an encoder motor with
submicron resolution for cavity tuning. The other is
mounted on a PZT ceramic. A modulation is applied on the
PZT and lock-in detection is performed on the signal

BCC
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detected on the bolometer.
The cavity was operated in a -high-finesse" setup by

aligning the mirror stripes parallel to the laser polarisation.
Figure 6 shows the first derivative of the cavity modes
interrogated with the 1267 GHz laser line. The finesse of the
resonator is calculated by dividing the X/2 periodicity of the
fringes to the peak-to-peak width of the resonance,

multiplied by a Nri factor due to the first derivative of its

Lorentzian lineshape.
We measured a finesse of 50 that corresponds to a quality

factor of 1.2 104 of our Terahertz tuneable resonator at 1.2
THz. An estimation of the finesse of the Fabry-Perot cavity
can be derived from the reflection coefficient of the
inductive grid that could be evaluated from previous
transmissivity measurements by neglecting the absorption
losses. We derive an approximate value of 70 which could
point out that the measured finesse could be limited by the
plan-plan cavity loss induced by the divergence of the laser
beam. We noticed that a high-Q factor of the cavity is
maintained over a broad spectral range: for example on the
634 GHz laser line the cavity has a finesse of 150

f2= 118.4 pm

Cavity 'length

Figure 6: Fabry-Perot cavity modes at 1,2 THz with Q=1.2.104

(Q=1.9.104) and on the 2522 GHz laser line the cavity have
a finesse of 16 (Q=0.8.104). These values are comparable
with the typical quality factors of microwave cavities used
in the high sensitive FTMW spectroscopy technique [8].

A careful design of plan-spherical silicon-backed mirrors,
by depositing the grids on concave substrates, associated
with the coupling of TEM00 mode in a spherical cavity,
should improve its quality factor and allow the extension of
the length of the interferometer. An efficient coupling of
terahertz radiation to such cavity will open the way to
intracavity spectroscopy over a broad spectral range.
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A Vector Beam Measurement System for 211-
275 G-1-1z
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Group for Advanced Receiver Development (GARD), Department of Radio and Space Science with Onsala
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Abstract—In this paper we describe a novel vector
measurement system for the characterization of Gaussian beams
and test results for mm wave receiver optics alignment across the
211-275 GHz band. The measurement set up has a simple design
without any PLLs and employs a combination of a single
frequency source, comb-generator, and direct multiplication LO
unit. The system takes advantage of different harmonics to
generate the required RF and LO signals yielding the desired IF
frequency. It also allows obtaining perfect phase-coherence and
initial phase-noise cancellation. One of the additional advantages
of the suggested measuring scheme is that it allows the set up to
be specifically designed such that it has the potential to cover all
different bands by only replacing two filters and the LO
multiplication unit. We plan to use the same set up, with
mentioned modifications, for the frequency bands 275-370 GHz
and 385-500 GHz.

Index Terms—Beam pattern, millimeter-wave technology,
radio alignment, vector measurement.

I. INTRODUCTION

V
ector beam measurements are an extremely useful tool in
characterizing and aligning the receiver optics in radio

telescopes in order to achieve optimum performance for the
receivers [1]. This type of measurements has been
demonstrated to work successfully from the mm-wave region
far up into the sub-mm region [2], [3], [4]. In this paper, we
demonstrate a vector measurement system for the frequency
band 211-275 GHz, where the suggested measuring scheme
offers a possibility to easily extend the measurement range up
to 500 GHz by switching two filters and a direct multiplication
LO unit. The system employs a combination of a VNA, comb-
generator, and direct multiplication unit to produce phase-
coherent RF- and LO signals. The use of different harmonics,
excited from a single frequency source, to produce RF- and
LO-signals is the key to the simple design without extra signal
sources and PLLs. The measured result presented in this paper

Manuscript received June 7, 2006. This work is part of the APEX Project,
supported by the Swedish Research Council and the Wallenberg Foundation.
O. Nystrom, M. Pantaleev, V. Vassilev, and V. Belitsky are with the Group
for Advanced Receiver Development (GARD), Department of Radio and
Space Science with Onsala Space Observatory. Chalmers University of

are performed with the sideband separating mixer which will
be used for Band 1 of the facility receiver of the Atacama
Pathfinder Experiment (APEX) [5].

II. SYSTEM DESCRIPTION

The measurement system employs a combination of a single
frequency source, comb-generator, and a direct multiplication
LO unit. The block diagram is presented in the Fig. 1. In order
to minimize phase error, we use a vector network analyzer
(VNA) as a signal source. A signal, f source , is taken from the
port one of the VNA, which is fed into the comb-generator that
generates frequencies At our„ apart. If fsource iS low, this results
in a large number of closely spaced, phase-coherent,
frequencies, which in turn easily used to produce phase-
coherent RF and LO signals by filtering and multiplication. A
harmonic mixer, mounted on a XYZ-scanner, is used as the
test source. To measure the amplitude and phase, the IF-signal
from the 515-mixer is down-converted to t ou,„ again, by using
a suitable reference from the comb-generator, and fed into port
two of the VNA for detection.

Harmonic Mixer

216 GHz

Scanner
Block

2210,- 2164,v-- .50v

Initial %G... 
1 GHz

I fphase-noise: 4,v 50, #pv=

Comb
4v

4 GHz

134,,
13 GHZ

Fig. 1. Block diagram of the measurement set up including the frequency
conversion and the phase-noise cancellation operation.

Technology, MC2, S 412 96, Gothenburg, (phone: +4640)31-772 5653; e-
mail: olle.nystrom@chalmers.se).

2214,v
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124,,
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Not only does this design facilitate the production of phase-
coherent RF and LO signals but it also allows initial phase-
noise cancellation. The phase-noise operation can be seen in
the block diagram. Fig. 1, where (Dv is the initial phase-noise.
Most of the phase noise is cancelled in the down-conversion in
the SIS-rnixer and the remaining phase-noise, present at IF, is
cancelled in the second down-conversion before the signal is
fed into port two of the VNA for detection.

III. MEASUREMENTS

As we mentioned earlier, the measurements have been
performed with the sideband separation mixer, which will be

used for Band 1 (221-275 GHz) of the facility receiver for
Atacama Pathfinder Experiment (APEX). The use of a
harmonic mixer, with an open ended waveguide, as the
transmitting source results in a signal to noise ratio (S/N) close
to 40 dB for an IF-bandwidth of 10 Hz. This shows the
advantage of using the VNA as the signal source and detector,
since this allows use of a very narrow detection bandwidth.
Further decrease of detection bandwidth down to 1 Hz is
feasible with a trade of the increased scan time. Measurement
results from a scan approximately 55 mm away from the horn
aperture are shown in Fig. 2 and Fig. 3. It should be pointed
out that only a rough alignment has been done between the
scanner and the cryostat for this measurement. The beam
absolute position with respect to the receiver optics will be
defined by the use of position sensitive detectors (PSD) and
lasers but has not yet been implemented. It can be seen from
the measured data, Fig. 2, that the beam appears to be nearly
circular down to 30 dB.
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Fig. 2. Amplitude distribution of a scan performed at a cross-section at an
approximate distance of 55 mm from the horn aperture.

_10 20 30
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Fig. 3. Phase distribution of a scan performed at a cross-section at an
approximate distance of 55 mm from the horn aperture.

To monitor the stability of the measurement, and add the
possibility for calibration of the gain and the phase drifts in the
system during the scan time, reference measurements were
made. This was done by selecting a specific coordinate 444
where the scanner returned to each tirne one row in the scan
plane was completed. The reference plots can be seen in the
Fig. 4 and the Fig. 5. The detected power varies less than 0.3
dB over the scan period, whereas the phase changes are less
than 6 degrees, almost linear over the entire scan duration. To
minimize the phase error due to cabling, all cables are fixed to
preclude any movements except for a phase stable cable
connecting the moving RF-source, placed on the scanner, to
the fixed part of the system.

30.„...

Number of reference points

Fig. 4. Reference measurements of the amplitude taken at the same scan
coordinate after the completion of each row. The amplitude varies less than
0.2 dB.
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Nun-ibex of reference points

Fig. 5. Reference measurements of the phase taken at the same scan
coordinate after the completion of each row. The phase increases, almost
linearly, over the scan time

the fundamental Gaussian mode of 0.95 ±0.02 was obtained
when fitted down to -15 dB from the peak value. This coupling
was slightly lower than expected, which we believe is the
result of measurement errors due to standing waves and the
beam truncation in the Dewar vacuum window. A • higher.
coupling coefficient is expected once the standing waves are
decreased. The fitting of the measured beam can be seen in
Fig. 6 to Fig. 9, where the cross section, through the amplitude
center, in x- and y- direction is presented.

130 140 150 160 170

To get an indication of possibilities to use a harmonic mixer as
the RF-source even for higher frequency bands, the signal
power was measured also at 341 GHz with the APEX Band 2
mixer [6] with a spectrum analyzer as detector. This
measurement gave a S/N-ratio of 35 dB at a detection
bandwidth of 1 kHz. The reason for using a spectrum analyzer
instead of the VNA for detection was that the required filters
for the set up with the VNA were not yet delivered. This,
however, gives a promising indication that a harmonic mixer
can be used as a signal source also for the higher bands, as the
VNA set up is expected to offer even greater dynamic range
with greatly reduced band.

X-coardinates [min]

Fig. 6. Measured and fitted data for the amplitude (in dB) for the cross-
section, in x-direction, at the amplitude center.

0.

40 50 60 70 80

Iv. BEAM 1,11 I ING PROCEDURES

The measured amplitude and phase are combined into a
complex beam, which is fitted to the fundamental Gaussian
beam mode [7]

V.,00 (Ax, Ay) = ff."2  exp( — — ) x
tox

- 	toy

exp( —jflo(.,"?2,+ -2 3,4A g
x
 Ax + Ay))

where dx=x-xc and Ay=y-ye. x and y are scan coordinates,
whereas xc and y, are the scan coordinates for the amplitude
center of the measured data [2]. Rx and R. are the radiuses of
curvature of the phase front in x- and y- direction, respectively,
wx and coy are the beam radii, and 6„ and 6y are the tilt of the
beam, in x- and y-direction, with respect to the normal of the
scan plane. To derive the parameters (xc, y, (0, my, 

R5, Ry,
6y) that best fit to the fundamental Gaussian beam mode, the
measured data is fitted for the optimum power coupling
coefficient [7]

Y-coardinates [rnm]

Fig. 7. Measured and fitted data for the amplitude (in dB) for the cross-
section, in y-direction, at the amplitude center.

100

130 140 150 160 170

X-Coorelinates

Fig. 8. Measured and fitted data for the phase (in degrees) for the cross-
section, in x-direction, at the amplitude center.

(1)

K= Ix Ey (E ComplexMeasured X E ComplexFitted) 

2
(2)

where both the measured data and the fitted data are
normalized to unity power over the area to be fitted. For the
measured data in Fig. 2 and Fig. 3, a coupling coefficient to
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Y-c o ordinates [min]

Fig. 9. Measured and fitted data for the phase (in degrees) for the cross-
section, in y-direction, at the amplitude center.

Once the beam radius and the radius of curvature are fitted, the
values can be used to calculate the size of the beam waist
radius, wo, and the distance from the amplitude center, located
in the scan plane, to the waist location.

V. CONCLUSION

We have presented a vector measurement system for 221-
275 GHz, which employs a combination of a single frequency
source, a comb-generator, and a direct multiplication LO unit
to achieve perfect phase-coherent RF- and LO signals as well
as initial phase-noise cancellation. A dynamic range of about
40 dB has been demonstrated for measurements of the APEX
Band 1 receiver. Since the presented set up is designed to
cover also the higher bands (APEX-band 2 and 3) the RF-
source has been tested at 341 GHz and the signal has been
detected with a S/N-ratio of 35 dB with 1 kHz of the detection
bandwidth. This is a very promising indication that we will be
able to cover all three bands with our system by only switching
two filters and the multiplication LO unit, since the use of a
VNA as the phase detector allows us to decrease the detection
bandwidth significantly and thereby attain even greater
dynamic range.
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Detection of the 205 pm [NH] Line from the Carina Nebula

ABSTRACT

Stacey% G.J., Oberst% T.E., Loehr 2 , A., Nikola l , T., Parshley l , S.C., Tothil12, N. F.H.,
Harnett2, J.I., Lane2, A. P., Stark2, A. A., and Tucker3, C.R.

1 Department of Astronomy, Cornell University
2Harvard-Smithsonian Center for Astrophysics

3
Cardiff University

We report the first detection of the 205 1AM 
3
P1-4

3
1
3
0 [NIT] line from a ground based

observatory using a direct detection spectrometer. The line was detected and mapped
in emission from the Carina starformation region in the Galaxy using the South Pole
Imaging Fabry-Perot Interfereometer (SPIFI) on the Antarctic Submillimeter
Telescope and Remote Observatory AST/RO at the South Pole. The [Nil] line is an
important coolant for the diffuse ionized ISM, and (together with the 122 um [NH]
line) is an excellent probe of gas density. The [NH] 205 tm line emission peaks at the
Carina II HII region, and its strength indicates a low density (n < 30 cm 3- ) ionized
medium. When compared with the ISO [CH] observations of this region, we find
about half the [CH] line emission arises from this low density ionized gas as well. The
detection of this line demonstrates the utility of Antarctic sites for THz spectroscopy.
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Figure 1. 560 GHz JPL biasable mixer.
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ANovel 520 to 600 GHz Subharmonic Biasable Mixer

Erich Schlecht, John Gill, Robert Dengler, Alex Peralta, Peter Siegel, and Imran Mehdi

Jet Propulsion Laboratory, M/S 168-314, 4800 Oak Grove Drive, Pasadena CA 91109
E-mail: Erich.T.Schlecht@jpl.nasa.gov

Abstract

There is a demand for mixers operating in the submillimeter band between 300 and
1200 GHz for observation of various atomic and molecular lines. For Earth and
planetary observations Schottky mixers have adequate sensitivity. Additionally, they
have the substantial advantage of working with little or no cooling below room
temperature, although their performance does improve at lower temperatures. Near term
example missions is a proposal for water detection observations on Mars [1], and
measurements of middle atmosphere trace gases and gas dynamics on Venus [2].

To meet these requirements, we
have developed a new biasable
mixer that takes advantage of
the frameless membrane
technology developed at JPL
[3]. Similarly to some previous
designs [4], the diodes are
fabricated in an antiparallel
configuration with each diode
having one electrode grounded
using beam leads. See Figure 1.
The ability to be biased makes
these mixers operable from
very low LO power, as required
by many planetary missions.
The mixers have been
fabricated and will be measured
soon. They are expected to give

single sideband noise temperatures at the diode of about 2000 K, with conversion loss
around 10 dB.

[1] Report of the NASA Science Definition Team for the Mars Reconnaissance Orbiter (MR0),
available at htt ://mro.larc.nasa. ov/mro/MRO SDTre ort. .df, Feb. 2001.

[2] Solar System Exploration Survey, Space Studies Board of the National Research Council. -New
Frontiers in the Solar System" available at http://www.nas.edu/ssb/SSE-Survey-Report-Part-LPDF,
July 2002.

[3] S. Martin, B. Nakamura, A. Fung, P. Smith, J. Bruston, A. Maestrini, F. Maiwald, P. Siegel, E.
Schlecht, and I. Mehdi, -Fabrication of 200 to 2700 GHz multiplier devices using GaAs and metal
membranes, 2001 MTT-S International Microwave Symposium Digest, pp. 1641-1644.

[4] E.R. Carlson, M.V. Schneider, and T.F. McMaster, "Subharmonically pumped millimeter wave
mixers," IEEE. Trans. Microwave Theory Tech., vol MTT-26, no. 10, pp. 706-715, Oct. 1978.
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Wavelength (pm)

Fig.1 Brightness ratio of different planets in our solar
system compared to the sun using a simple model of
blackbody radiation and reflected starlight.
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TIP: A Terahertz Interferometer for Planets — A Concept Study

Goutam Chattopadhyay l , John S. Ward', lmran Mehdi i , Peter H. Siegel',
Paul F. Goldsmith', and Anthony C. S. Readhead2

1 Jet Propulsion Laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, California 91109, USA.

2Deptartment of Astronomy, California Institute of Technology
1200 E. California Blvd, Pasadena, California 91125, USA.

The extraordinary discoveries of planets around nearby stars in recent years have opened up an
exciting new field of research — the search for extrasolar planets. Studies of these planets are
revealing new information about the star and planet forming processes, and have brightened the
likelihood of the detection of Earth-like planets in our galaxy. Current extrasolar planet finding
research is carried out mostly at optical wavelengths. Planet finders use various techniques such
as direct detection, where the faint light reflected by the orbiting planetary body is detected by
nulling of the central bright star; or indirect detection, where the orbital variations or the
wobbling of the central bright star is measured to identify the unseen companion. However, there
are major limitations to both these techniques. In the first case, the brightness ratio between the
star and the planet is in the range of 90 to 120 dB for our solar system not including Pluto,
making nulling very difficult even for relatively bright planets at short orbital radii, not to
mention planets at large separation distances where the reflected light is extremely weak. In the
second case, due to sensitivity and time limits, only massive planets orbiting close to the star can
be detected.

NASA is developing technologies for planet finding missions at near-infrared frequencies. The
planned Terrestrial Planet Finder Interferometer (TPF-I) is a space based 4-element
interferometer centered at 10 IIIT1 wavelength where the 280 K black-body curve peaks. However,

as can be seen from Fig. 1, at wavelengths around
10 gm the starlight is approximately 70 to 100 dB
brighter than the planets for the solar system,
making nulling still a very difficult task. At longer
wavelengths, however, the brightness ratio is much
more favorable for nulling (40-60 dB), and is more
sensitive to planets at large separation distances
where the reflected light from the planet is weaker
and the black-body peaks at longer wavelengths, as
shown in Fig. 1. Therefore, a space-based
interferometer with modest baselines at terahertz
frequencies will offer substantial advantage for
finding planets around nearby stars.

In this study paper, we identify the scientific potential, technology drivers, and system
requirements for undertaking a planet fmding mission using interferometry from 4 to 12 THz (25-
75 gm). We will show that a 4-element interferometer with 4 m antenna diameter, < 1 km
baseline, and direct detector instruments with realistic NEP has the potential of detecting Earth
like planets out to 15 pc with only 24 hours of integration. Modest resolution (R-20)
spectroscopy will also be possible with such an instrument.

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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Figure 1. Basic autocorrelator
circuit. Signals A and B are the
same input with a time delay.

Phase
switch

Power omp

Figure 2. Complete autocorrelator with
driver circuit. The delay lines are made
using coaxial cable.
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A Very Wideband Analog Autocorrelation Spectrometer

Neal Erickson, Gopal Narayanan, Robert Goeller
University of Massachusetts, Amherst, MA, USA

Astronomical receivers for the THz range require very wideband spectrometers, several GHz or more for
extragalactic spectroscopy, but the required frequency resolution is relatively low. The usual choice is a digital
autocorrelator, but these spectrometers have bandwidths limited to —1GHz for a single unit, and few bit samplers
have a limited dynamic range without adding sampling noise. An alternative is to use analog techniques to
autocorrelate the signals. While it may seem to be working against the trend of improved performance of digital
circuits, in fact this technique is making equally rapid progress because of the ever increasing availability of low-
cost high-performance microwave components.

Our technique of analog autocorrelation is to split a signal two ways and send it in opposite directions
down a single transmission line. The line is tapped periodically, and the tap signals go to detector diodes as shown
in Fig 1. A square law detector produces an output proportional to the sum of the power in each signal plus the
product of the two voltages. Rapid phase switching of one signal produces an AC output for the product term while
the other component remains constant. The outputs of all of the detectors form the autocorrelation function of the
signal. In this work we have constructed an analog correlator with up to 8 GHz bandwidth having 256 lag
measurements. Four delay lines with 64 taps each fit on a single circuit board along with the detectors, AC
preamplifiers, AID converters, and all of the digital logic needed to read out the A/D's and average the data. A
second microwave circuit board produces the 10 mW signals needed to drive the lines as well as the phase
switching. Components used in the driver are limited to 1.5-8.0 GHz, as increased bandwidth is possible but not
cost effective. The full circuit is shown in Fig. 2.

The spectrometer is working with the expected 31 MHz resolution, and shows radiometric noise in 1 hr
integrations on a wideband signal with a fast beam switch. Switching speed must be faster than 10 seconds on and
off time in a completely unstabilized environment, but should be much better with temperature control. The cost is
$2500 for the complete correlator board, and $1000 for the driver board making this a very inexpensive way to
cover wide bandwidths. This spectrometer will be used as the backend for a 74-110 GHz receiver used to search for
highly redshifted galactic lines.

Wider bandwidth is possible with this technique but the limit is set by the parts density on a PC board, and
at present —10 GHz is a practical limit. In the future, smaller parts will increase this limit. Higher resolution comes
by simply adding delay lines.
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A Modal and Quantum-Statistical Analysis of Imaging Phased Arrays
and Interferometric Phased Arrays.

Stafford Withington, Cavendish Laboratory, University of Cambridge, UK.

A number of major projects are aimed at developing phased-arrays for radio astronomy;
these include the Square Kilometer Array (SKA), the Low Frequency Array (LOFAR),
the Electronic Multibeam Radio Astronomy Concept (EMBRACE), and the Karoo
Array Telescope (KAT). All of these projects relate to microwave astronomy, but as
technological understanding improves, phased arrays will also be constructed for
submillimetre-wave and far-infrared astronomy. Two types of phased array are of
interest: (i) Imaging phased arrays, where an array of coherent receivers is connected to
a beam-forming network such that synthesised beams can be created and swept across
the sky; the receivers may look at the sky directly or may be mounted on the back of a
large reflecting antenna. (ii) Interferometric phased arrays, where the individual
antennas of an aperture synthesis interferometer are equipped with phased arrays such
that fringes are formed within the synthesised beams. In this way it is possible to extend
the field of view, to observe completely different regions of the sky simultaneously, to
steer the field of view electronically, and to observe spatial frequencies that are not
available to the interferometer because the baselines cannot be made smaller than the
diameters of the individual antennas. Of course, telescopes may operate in the 'imaging'
and 'interferometric' modes simultaneously by configuring the arrays on the individual
antennas to give low-resolution images, and cross correlating the outputs of the arrays
on different antennas to give high-resolution data in the Fourier domain.

In this paper we describe the operation of imaging and interferometric phased arrays
from a modal perspective, explaining how the behaviour of a phased array can be
described completely in terms of the synthesised reception patterns, without any
knowledge of the internal construction of the beam-forming networks. Beam patterns
may be taken from electromagnetic simulations or experimental data Crucially, we
consider the general case where the synthesised beams do not have to be orthogonal or
even linearly dependent; the close association with the mathematical theory of Frames is
also mentioned. In the case of interferometric phased arrays, the arrays on the individual
antennas do not even have to be the same. The ability to assess the behaviour of a
system simply from the synthesised beam patterns separates the process of choosing the
best beams for a given application from the process of understanding how to realise the
beams in practice. It also suggests important techniques for analysing experimental data,
particularly when cross talk between the primary feeds is present.

The paper explains how the powers, the fluctuations in the powers, and the correlations
between the fluctuations in the powers at the outputs of different ports of a phased array
can be determined from knowledge of the spatial state of coherence of the illuminating
field, which for astronomical sources is usually fully incoherent: although not in the
case of celestial masers. It is explained, by analogy with the behaviour of multimode
detectors, how the quantum statistical behaviour of the source and noise fields can be
included, taking into account the fact that the photon statistics may neither be fully
bunched nor fully Poisson. This fundamental piece of work has implications for the way
in which imaging and interferometric phased arrays are designed, how their
performance is calculated, how they are characterised experimentally, and how
astronomical data is analysed.
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Development of High-Q Superconducting
Resonators for use as Kinetic Inductance

Detectors

J.J.A. Baselmans, R. Barends, S.J.C. Yates, J.N. Hovenier, J,R. Gao, H. Hoevers and
T.M. Klapwijk

Abstract— One of the greatest challenges in the development
of future space based instruments for sub-mm astronomy is the
fabrication of sensitive and large detector arrays. Within this
context we have started the development of Microvvave Kinetic
Inductance Detectors (IVIKI)s). The heart of each detector
consists of a high Q superconducting quarter wavelength
microwave resonator. As a result it is easy to multiplex the
readout by frequency division multiplexing. The flexibility of the
MKID allows for radiation detection from sub-mm to X ray by
choosing a suitable radiation absorber or antenna. The predicted
sensitivity of the MK1D is below NEP – 1 • 10 -2 WAillz, low
enough for any envisionable application in the sub-mm, optical
and X ray wavelength ranges. We describe our initial
experiments with these resonators, made of 100 nm Nb films on a
high purity Si substrate. We measure the Q factors of several
resonators using a vector network analyzer and find Q factors up
to 50000, limited by the intrinsic quality of the resonators. We
furthermore obtain the responsivity of these resonators, with
values up to 0.08 radians per 106quasiparticles.

I. INTRODUCTION

TThe science themes for future Far-InfraRed (FIR) and
sub-mm astronomy are the emergence and evolution of stars
and galaxies and the birth of stars and planetary systems [1].
The instrument of choice to address these science themes will
be a space based telescopes with high spatial resolution, high
observation speed and background limited sensitivity. High
speed is accomplished by using large (100 x 100 pixels or
more) detector arrays. High spatial resolution implies a larger
mirror or interferometry by formation flying of several
telescopes. Background limited sensitivity can be achieved by
reducing the instrumental background noise significantly,
which is only possible with actively cooled (< 10 K)
telescopes. Only in that case can the sky background limited
photon noise be reached, at a NEP 10-20 WA/Hz for
spectroscopy with a resolving power R — 1000. No practical
detector array exists to date with a NEP < 10-17 

W/41-1Z.
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Within this context we have started the development of
Microwave Kinetic Inductance Detectors (MKIDs) [2]. For
use in a sub-mm or FIR detector array each pixel of the MKID
would consist of an antenna or absorber, coupled to a high Q
1/4)  Coplanar waveguide (CPW) microwave resonator. This
resonator is coupled capacitively to a through line, which
enables easy frequency division multiplexing of many
resonators at slightly different frequencies. A picture of such a
resonator with a through line but without any absorber or
antenna, is shown in Fig. I . At resonance the resonator acts as
a short, with the result a strong reduction in the transmission
measured from contact I to contact 2, S21 (indicated in Fig. I).
The principle of operation is as follows: Radiation that is
coupled to the resonator at a frequency hv>2A will break up
Cooper pairs in the central superconducting strip of the
resonator. The reduction in Cooper pair density gives rise to a
reduction in the kinetic inductance LK, causing a shift in
resonance frequency. When used as a radiation detector one
measures the phase of the signal transmitted from contact 1 to
2 exactly at the resonance frequency. Here the absorption of a
photon causes a change in the transmitted phase proportional
to aQ/V, with Q is the resonator quality factor, V its volume
a the kinetic inductance fraction [2,4,5]. Using a high Q
resonator with a limited film thickness in combination with a
low noise microwave amplifier, such as a InP based MMIC

400 pm
Shorted en c 2

Fig* Scanning electron microscope picture of a Coplanar
waveguide based Nb resonator on a Si substrate. The bright
areas correspond to the 100 nm Nb film on top of the Si, the
dark areas correspond to bare Si substrate. The coupling
capacity of the 1/4Along resonator is formed by the coupler,
where the through line and resonator run parallel.
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[3], enables, in principle, the detection of a single
quasiparticle. The detector noise is, in theory, limited by the
fundamental quasiparticle generation-recombination noise,
enabling (in theory) sensitivities as low as NEP < 1 0-20

W/N/Hz at temperatures below 1/10 of the critical temperature
of the superconductor [2,4,5]. Multiplexing of many pixels is
done in the frequency domain, where every pixel (i.e. antenna
or absorber) is coupled to a different resonator coupled to the
same through line. By changing the length of every resonator
slightly all resonators will have different resonant frequencies.
A 2 pm length difference between the resonators would allow
2000 resonators in a 1 Ghz bandwidth around 7 GHz (where
the resonator length is about 4 mm on a Si substrate with
c=11.8). The readout of the phase transmitted at each
resonator can be done using only room temperature
electronics (for details see Ref. [6]). The cryogenics will be
limited to 2 coaxial cables to the sample holder and 1
microwave amplifier at about 4K. For a suitable MKID
detector one should use, for the resonator, a superconductor
with a low critical temperature Tc and a long quasiparticle
lifetime, such as Al. However, as a first step, we have started
with measurements of Nb based resonators. The Nb KID's are
not suitable for real detectors because of its high Tc and short
quasiparticle lifetimes (see [2]). But, they offer the advantage
to quickly evaluate our resonator design and test setup.

II. EXPERIMENT

The resonators are fabricated using DC sputter deposition of a
100 nm Nb layer on top of a N doped Si <100> substrate with
a resistivity in excess of 1 kncm. The KID patterns are
subsequently defined using e-beam lithography and dry
etching. We use a 3He sorption cooler mounted inside a liquid
He vacuum cryostat as cryogenic system, achieving a base
temperature of 300 mK, which is far below 1/10 of the critical
temperature of the Nb films. At the cold stage of the 3He
cooler we mount a specially designed copper sample holder.
The holder has 2 microwave launchers that have a SMA
connector at one side and a small pin at the other, which is
soldered to the central strip of a copper CPW on top of a
circuit board made of Duroid board. The board is used to form

the transition between the launcher and the KID chip and is
designed using the commercial software package SONNET. It
forms the transition from a grounded CPW at the launcher
connection to an ungrounded CPW at the chip end.
Connections to the CPW on the chip are made using several
bond wires, additionally there are bond wires from the chip
ground plane to the holder to prevent unwanted resonances.
With careful mounting of the chip the setup has a resonance
free bandwidth of 9 Gliz [7]. Stainless steel coax cables are
used from room temperature to the 4.2 K plate of the cryostat.
From there we use a strapped Al coaxial cable, a strapped 20
dB attenuator, and 10 cm of stainless steel coaxial cable to
reach the short copper coax cables connected to the holder at
300 mK. The hold time of the sorption cooler with the holder
on top and all coax cables connected is in excess of 6 hours at
300 mK. A commercial room temperature Miteq amplifier,
with a practical bandwidth from 1-10 GHz and a noise
temperature of about 150 K. is used at room temperature to
boost the signal, enabling faster measurements. We measure
the fraction of the transmitted power, denoted by S21, as a
function of frequency and temperature using a Agilent PNA-L
vector network analyzer. A Labview program is written to
automatically measure many KID's in one single cool down as
a function of temperature. Fig. 3A gives the measured
resonance curves between 3.3 K and 300 mK for one of the
Nb resonators. The clots indicate the resonance frequency. The
high temperature data corresponds to the left most resonance
dip, the lowest temperature to the rightmost resonance dip. It
is obvious from the figure that the resonance frequency and Q
factor increase with temperature. The Q factor is given by.

Q-fres/26f, 'here the resonator bandwidth 6f is defined by the
difference between the two frequency points where S21 = 1/2

( S1
+

1). Since we can model every resonator as the series
combination of a coupler with Qc the coupling Q and the
resonator itself, with Q, the intrinsic Q. we can obtain from the
measured Q factor and S Q, Qi and Qc using

Q-----%Qi/(Qi+Q() and the fact that Q,-----Q/S21,min [41 The
temperature dependencies of these three parameters are given
in Fig.3 B. The line through the datapoints of the measured Q,
is a calculation of the Q factor using N4attis-Bardeen theory,
using a Kinetic Inductance fraction as a fit parameter [3,8] and
limiting the Q, to the experimentally obtained maximum

Design parameters Measured parameters at low temperature
ID L

[mm]
F0
[Ghz]

Qc T
[K]

F0

[GHz]
Q
[.105]

Q,
[-los]

Qi
[.1 05]

S2 i min

[dB]
80/dN

radii 0 'cip

6a 4.101 7.2 1.105 0.65157 6.8623 0.36246 0.49329 1.3666 -11.479 0.06
6b 3.990 7.4 1.105 0.6476 7.0292 0.48569 0.66597 1.7942 -11.333 0.077
6c 3.885 7.6 1-105 0.64359 7.2445 0.43671 0.82485 0.9280 -6.5331 0.056
6d 3.786 7.8 4.104 0.63979 7.4148 0.21658 0.27531 1.0153 -13.372 0.031
9a 4.101 7.2 103 0.578 6.851 0.0248 0.0286 0.215 -18.8 0.0003
9b 3.990 7.4 4.104 0.581 7.046 0.2468 0.315 1.14 -13.3 0.02
9c 3.885 7.6 2-105 0.579 7.361 0.170 0.939 0.207 -1.7 0.04

Table 1: Measured parameters at low temperature (the temperature is given at colum T) for several Nb KID resonators fabricated
on a <100> Si sunstrate.
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value. We find a kinetic inductance fraction of 0.2, in
reasonable agreement with a direct calculation giving 0.26.
Note that the coupling Q is constant with temperature as
expected over this range. The resonance dips shown in Fig.
3A can be plotted as well in the complex plane, as in Fig. 3C,
where the frequency increases clockwise around the circle.
When operated as a radiation detector the KID measures the
phase change at the resonance frequency due to the
quasiparticles created by the radiation absorption. In this
measurement we create the quasiparticles by increasing the
temperature. In Fig. 3C the black dots indicate the resonance
frequency at 300 m1( on the resonance circles at other
temperatures. The phase response of the resonator can be
obtained by measuring the (phase) angle between the location
of the 300 mK resonance frequency on the 300 mK circle and
the location of the same frequency in the resonance circles at
other temperatures. The centre of the resonance circle at 300
mK is taken as the origin. This procedure is indicated by the
arrow in Fig. 3C and the result is plotted in Fig. 3 D. The
resonator shows a very steep phase response between 1.5 and
2.5 K. At higher temperatures the phase change saturates, and
at low temperatures the phase change shows a non-monotonic

behaviour, which we attribute to a substrate effect and not to a
change in quasiparticle density. We take the positive phase
change with temperature and convert the temperature scale to
quasiparticle density using:

(1)

with No the single spin density of states at the Fermi level
(1.3-10 11 eV -1 1.1m-3 for Nb [8]). Numerically differentiating the
phase change with respect to quasiparticle number gives now
the responsivity in radians per quasiparticle for our resonators.
Results from several resonators are given in Table 1. From the
table several conclusions can be drawn. First, the resonance
frequencies are lower than calculated, this can be attributed to
the fact that in the design we did not take into account the
kinetic inductance, which reduces the resonance frequency. A
similar effect (or opposite in sign) can be observed if the CPW
dimensions differ from the design values, which is not likely
given the fact that the resolution of our c-beam lithographic
process is of the order of 50 nrn. Furthermore the intrinsic Q
factor is limited to about 100.000 and not frequency
dependent. This value is roughly 5 times lower than reported

Fig.2: A: Measured transmission around the resonance frequency of one of the resonators for different temperatures between 3.3 K(left) and 0.3 K
(right). the insert shows the 300 mK resonance feature over a smaller frequency range. B: Q factors obtained from the data shown in panel A. Q is
the measured Q factor of the resonance dip, Qc the coupling Q factor and Qi the intrinsic Q factor of the resonator. The line is a theoretical
calculation using the kinetic inductance fraction as a fit parameter. C: The data plotted in A in the complex plane, the dots represent the 300 mK
resonance frequency at higher temperatures. the arrow indicates how he phase can be measured as a function of temperature. D: The phase change
as a function of temperature as illustrated in C.
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for Al resonators on Si [3] but comparable to results of Al on
Sapphire [3]. Since we do not observe any dependence of Q,
with resonator length we can exclude radiative losses due to
the substrate as the limiting factor. Possibly an excess surface
resistance of the Nb films limits the Q factor. Furthermore, the
coupling Q is roughly half the designed value which is not
understood. The responsivities as shown in the last column are
comparable to those of Al resonators [4] with similar Q
factors and scale roughly linear with the measured Q factor as
expected, since the device volumes quoted here are almost
identical.

HI. CON CL U SION

MKID's are a very promising detector concept for a great
variety of wavelengths, ranging from the sub-mm to the X ray.
The advantages are easy multiplexing of the readout using
frequency division multiplexing at GHz frequencies and a
high predicted sensitivity. We have presented initial results on
2 batches of Nb resonators made on Si substrates. We find
that our microwave design allows measurements in a
bandwidth from 1-10 GHz without any spurious resonances,
indicating that the experimental setup is adequate. In the Nb
resonators we find Q factors up to 50.000, good enough
already for many applictaions. The measured Q values are
found to be limited by the intrinsic quality of the resonators
themselves. The latter can be caused by either the Nb film or
the substrate. It is to be expected that material and substrate
optimisation will result in even higher Q factors for similar
systems.
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Development of a 585 GHz One-Dimensional Diffusion-
Cooled Niobium HEB Mixer Imaging Array Based on the

"Reverse-Microscope" Concept

L. Liu, Q. Xiao, H. Xu, A. W. Lichtenberger, and R. M. Weikle, II

Abstract—We have designed and fabricated prototype 585
GHz one-dimensional (1-D) slot ring antenna (SRA) coupled d-
HEB imaging mixer arrays (four pixels) based on the "reverse-
microscope" concept. Due to the small element spacing, the
mutual coupling between adjacent SRA's in the mixer array can
not be ignored. ADS momentum simulation has been performed
to study the self- and mutual- impedances of the SRA array with
various element spacings. The element SRA off axis radiation
patterns (with silicon lens) have been calculated using ray tracing
techniques and the imaging angular resolution has been
predicted. Fabrication and measurement systems are discussed.

Index Terms—Diffusion-cooled, hot-electron bolometer,
imaging array, reverse-microscope.

I. INTRODUCTION

H
IGHLY-sensitive receivers employing superconducting
diffusion-cooled hot-electron bolometers (d-HEB) have

been intensively studied and applied for millimeter-wave and
far-infrared (FIR) imaging and remote sensing in recent years
[1-2]. However, for many applications, only one pixel of
object information from the receiver is not sufficient. To map
the distribution of radiation intensity, for instance, many
pixels of imaging information are required. Although
mechanical scanning can be applied to a single element mixer
to fulfill this requirement, this approach can present problems
due to the longer observing time. Imaging mixer arrays are
needed for these applications since they can greatly reduce the
observing and processing time by recording imaging
information in parallel.

In 1982, Rutledge et al proposed a high-resolution
imaging antenna array diagram with a "reverse-microscope"
optical configuration [3]. On the bases of this concept, a UC-
Davis group is currently working on a 90 GHz Schottky diode
mixer array using bow-tie antennas [4]. Bow-tie antennas are
difficult to use, however, for high resolution imaging
applications in the THz region as they are not sufficiently
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National Science Foundation under grant AST-0242525 and the U.S. Army
National Ground Intelligence Center under grant DASC01-0 I -C-0009.
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the Department of Physics. University of Virginia, Charlottesville, VA 22904-
4714, U.S.A.

compact for single imaging element design. JPL proposed a
1.6 THz one dimensional array using diagonal horns feeding
waveguide receivers [5]. However, two-dimensional arrays
based on this scheme are difficult to realize. More recently,
another approach called the "fly's-eye concept" has been
proposed [6] A 3-element HEB focal plane array based on
this concept has been reported demonstrating promising
performance [7]. In this approach, each mixer element uses a
separate imaging lens, which may cause some difficulties for
design, fabrication and assembling.

This paper describes a prototype 585 Gliz one-dimensional
slot-ring antenna (SRA) coupled d-HEI3 mixer arrays (four
pixels) that has been designed and fabricated based on the
"reverse -microscope" concept. Due to the small element
spacing, the mutual coupling between adjacent SRA s in the
mixer array can not be ignored. ADS momentum simulations
have been performed to study the self- and mutual-
impedances of the SRA array for various element spacings.
The off-axis radiation patterns have been calculated using ray-
tracing techniques, and the imaging angular resolution has
been predicted. Fabrication results and the measurement setup
are presented and discussed.

II. ARRAY DESIGN AND SIMULATION

A. "Reverse Microscope" Configuration

Fig. 1 shows a diagram of the proposed d-HEB imaging
mixer array mounted on an extended hemispherical silicon
lens. Each of the imaging elements employs a receiving

Fig. 1: Schematic of a d-HEB imaging mixer array mounted on an
expanded silicon hemispherical lens (expansion length L).

antenna structure as the coupling component in which a
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superconducting d-HEB micro-bridge is integrated. An input
image signal is focused through an objective lens (not shown
in fig.1), the substrate lens and the substrate onto the mixer
array. Images are obtained by measuring the IF output signal
from each element in the array. By utilizing the same material
(silicon) for both the array substrate and the imaging lens in
this configuration, the trapped surface wave can be eliminated
and hence a high imaging resolution can be achieved [3].

B. Mixer Array Element Design and Mutual Coupling

Single element receivers and mixers employing HEB's have
been proposed and studied by a variety of research groups
including the Jet Propulsion Laboratory (JPL) in Pasadena,
CA [2], and the Delft University of Technology in the
Netherlands [1]. The RF circuit design and antenna structures
utilized in these receivers, however, have not always been
suitable for imaging mixer array applications. The slot ring
antenna provides a compact stnicture, making, it an attractive
candidate for the proposed mixer imaging arrays. 585 GHz d-
HEB mixer element coupled with SRA's have been studied
previously [8] and shown in Fig. 2 is the schematic of a one-
dimensional array containing four SRA's. For operation at
585 GHz, each SRA has a radius a, of 36 pm and a slot width,
w, of 2.6 pm. High-resistivity silicon is chosen as the substrate

Fig. 2: Schematic of a one-dimensional SRA array with element
spacing of d. Each SRA has a radius a, of 36 gm and a slot width,
w, of 2.6 pm.

due to its high dielectric constant (r,. = 11.7), which results in
a high directivity and efficiency for the receiving antenna. The
hemispherical silicon lens (see fig. 1) has a radius R = 4.5 mm.
The radiation patterns of a single element SRA mounted on
the silicon lens have been calculated in [8] using ray-tracing
technique [9] and an extension length L = 1.6 mm (see Fig. 1)
is selected for the highest antenna directivity while
maintaining an acceptable Gaussian coupling efficiency.

Due to the small element spacing required where Ad is
the wave-length in the silicon substrate) for diffraction-limited
imaging, the mutual coupling between adjacent SRA's in the
mixer array can not be ignored. ADS momentum simulations
have been performed to study the self- and mutual- impedance
of the four-element SRA array with various element spacings.
As shown in Fig. 2 (d=0.8 Ad), the element-A's (or D) the self-
impedance is Z0A-75+j0 CI, and the mutual-impedance ZmA
(Z„,A=Z2I +Z31 +4 1 ) is estimated to be approximately 1.6+j0.8

f/ at 585 GHz. For element B (or C), the self- and mutual-
impedance are Z0B-75+j0 0, and Znil3-4.2+j0.8
(4,B=Z12+Z32+Z42), respectively. Compared to self-
impedances, the mutual-impedances are much smaller. This
has a relatively minor effect at such an element spacing of 0.8
Ad . An EMF-based analysis has also been developed to study
the SRA self- and mutual- coupling analytically. Results will
be presented elsewhere [10].

2
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Fig. 3: ADS momentum simulated (a) self- and (b) mutual-
impedances of element A in the l D SRA array.

C. Off-axis Radiation Patterns and Angular Resolution

The element SRA off axis radiation patterns for various
spacings in the array have been calculated again using ray-
tracing technique. As shown in Fig. 4, the element SRA
pattern has a 3-dB beam width of 03_dB — 3' with side-lobe
levels less than -10 dB. The beam spacings between adjacent
5RA's are AO — 4.0', 5.0°, and 5.7' with crossover power
level around -7.2 dB, -11.0 dB, and -12.5 dB for d = 0.8 Ad,
1.0 Ad, and 1.1 Ad, respectively. According to the imaging
theories, the angular imaging resolution is determined by the
beam pattern spacing and limited by 3-dB beam width. The
relationship between the angular imaging resolution and SRA
element spacing is calculated and shown in fig. 5. With
decreasing element spacing, the imaging resolution increases
nearly linearly. However, the imaging contrast may become
worse. Thus, a trade-off between imaging resolution and
contrast must be made by selecting appropiiate element
spacing in the one-dimensional mixer array.
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III. ARRAY FABRICATION

The d-11F13 mixer imaging array fabrication used in our
research work is based on a process developed by the
University of' Virginia's Superconducting Devices and
Materials Research Group 1111 The process begins with
sputtering of a Nb/Au (10 nm/10 nrn) bi-layer onto a Si wafer,
followed by a standard lift-off process to define the base layer
consisting of the SRA array, low-pass filters (LPF's) and
tuning circuits.

Fig. 4: Off-axis element radiation patterns for 1-D SRA array
calculated using ray-tracing technique.

After the base layer is defined, the mixing elements — the
HEB bridges — are then fabricated using a two-step electron-
beam lithography (EBL) process. In the first EBL step, a
bilayer PMMA (9501495) is spun on the base layer as the
resist structure. The d-HEB cooling pad patterns are then
directly written by an electron-beam controlled by the Nano-

Pattern Generation System (NPGS). The trilayer Nb/Au/Nb
(10 nmI50 nm/10 nm) cooling pads are hence generated and
the Nb microbridge lengths are defined after a lift-off process.
During the second EBL step, the HEB bridges arc first
patterned by the NPGS with single layer PMMA (950). A
Au/Nb (20 nm120 nm) bilayer is deposited, and after lift-off,
bridges are left spanning the cooling pads.

20

1.00 2.00 3.00 4.00

Element Spacing (Lamd_d)

,

Fig. 5: Relationship between the angular imaging resolution and
element spacing predicted using ray-tracing technique.

Reactive-ion etches (RIE) are then performed to remove the
unwanted metal layers. First, an argon RIE is used to remove
the Au capping layer. An SF 6-based RIE is then used to etch
the exposed Nb layer on top of the HEB bridges, followed by
another Ar RIE to remove the other layer of Au on top of the
bridge, which leaves Nb bridges between the gold cooling
pads. The length of the HEI3-bridge is chosen to be
approximately 200 11112, a value significantly less then the
inelastic electron-phonon length, resulting in a diffusion-
cooled HEB device. The bridge width can be modified to
produce the desired device resistance for circuit matching
since the sheet resistance for 10 u rn thick Nb film is known to
be 30-35 0/square in the normal state [11].

From the ADS momentum simulation described in section
II (B), the elementary SRA in the array has a self-impedance
around 75 D. A d-HEB with such a resistance requires more
than two squares of Nb thin film, hence the resulting device
length may risk exceeding the diffusion cooling length. In
addition, the resolution of the NPGS employed at the
University of Virginia is approximately 100 nm. Decreasing
the Nb bridge width will result in fabrication difficulties.
Moreover, an HE13 with substantial bridge width is required to
reduce the susceptibility of electrostatic discharge during the
measurement process. A short HE I3 is preferred for a receiver
system to exhibit broad IF bandwidth and fast response. Thus,
two impedance-matching schemes are proposed and studied to
optimize power coupling from the SRA's to the mixer
element. One scheme employs simple quarter-wavelength
impedance transformers while the alternative approach utilizes
two d-HER's fabricated in series at the feed point of the
SRA's, as shown in Fig. 6 the SEM pictures for the fabricated
1-D d-HEB mixer imaging arrays.
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coupled into the cryogenic dewar through a set of lenses and
mirrors. Imaging experiments will be performed with this
system to evaluate its performance at 585 GHz

V. CONCLUSION

A 585 GHz one-dimensional slot-ring antenna (SRA)
coupled d-HEB imaging mixer arrays (four pixels) based on
the "reverse-microscope" concept has been designed and
fabricated. ADS momentum simulations have been performed
to study the self- and mutual- impedances of the SRA array
with various element spacings. The element SRA off-axis
radiation patterns (with silicon lens) have been calculated
using ray-tracing techniques and the imaging angular
resolution has been predicted. Fabrication and measurement
systems are discussed.

17th International Symposium on Space Terahertz Technology FR2-2

Fig. 6: SEM pictures of fabricated 1-D d-HEB mixer imaging arrays:
(a) scheme-1 mixer array with impedance transformers; (b) scheme-11
mixer array with two HEB's in series.

IV. MEASUREMENT SETUP

A quasi-optical mixer array block has been designed as
shown in Fig. 7. An IF output supporting chip containing four
CPW transmission-lines (50 n) has been fabricated on a high-
resitivity Si wafer with thickness of 1.1 mm. The HEB array
chip will be mounted using cryogenic epoxy. This output
supporting circuit also serves as the extension length for the
SRA array and yields a total extension length of 1.6 mm.
Another transmission-line circuit fabricated on a Duroid
substrate with four SMA connectors is utilized to output the IF
signal to bias-T's. The quasi-optical mixer block was been
fabricated and installed into an HD-3(8) dewar system for
cryogenic tests and RF measurements. This dewar can be
cooled to 4.2 K with a hold time of around 30 hours. For
prototype demonstration, a commercial SP4T coaxial switch
will be employed to select one IF signal from the four outputs.
The selected IF signal is output to an isolator and low noise
amplifier (LNA) before being fed to the external IF chain. An
RF measurement system has been set up to characterize the
performance of the mixer array, including the conversion gain,
coupling efficiency and noise temperature. In this system, a
VDI (Virginia Diodes, Inc.) 576 — 640 GHz FEM (Frequency
Extension Module) is employed to provide LO power. A
hot/cold load is utilized to provide blackbody radiation for a
system Y-factor measurement. Both the LO and RF are

Fig, 7: Schematic drawing of the designed 1-D d-HEB mixer
imaging array quasi optical block.
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Two-Dimensional Terahertz Imaging System Using Hot
Electron Bolorneter Technology*

Dazhen Gu, Eyal Gerecht, Fernando Rodriguez-Morales, and Sigfrid Yngvesson

Abstract--We present first results With a two-dimensional (20)
scanning terahertz passive heterodyne imaging system, currently
under development. The imager is based on a phonon-cooled
quasi-optically coupled hot electron bolometric (HEB) mixer
integrated with an InP MMIC IF low-noise amplifier (LNA). A
harmonic multiplier with an output power of about 250 p.W is
employed as the local oscillator (LO) source, resulting in a very
compact setup. Terahertz images are obtained by scanning the
target with a flat mirror mounted on a computer-controlled
elevation/azimuth translator. The receiver is designed to operate
at 850 GHz, but can in principle operate at any terahertz
frequency. We produced full 20 imagery of different objects. The
demonstrated overall sensitivity of the imager in terms of a figure
of merit NEAT is better than 0.5 K. We are working on extending
the system into a multi-pixel array configuration for faster
scanning rates and improved spatial resolution.

Index Terms— Hot electron bolometer, quasi-optical systems,
terahertz imaging, terahertz receivers, twin-slot antennas.

I. INTRODUCTION

T
ERAHERTZ radiation (T-rays) can penetrate cloth, dust,

1 and smoke better than infrared and visible light. The
shorter wavelengths of T-rays allow for higher spatial
resolution compared with that of microwaves or millimeter
waves. This has opened the field to applications such as remote
sensing and detection of concealed weapons and illicit drugs.
Furthermore, the partial ability of terahertz radiation to
penetrate biolo gical materials offers excellent opportunities for
imaging and spectroscopy appealed to healthcare.

In order to realize a passive terahertz imaging system with
high sensitivity and a real video acquisition rate, we need to use
multi-pixel arrays in which each detection element provides
sensitivities near the quantum noise limit. Receivers based on
hot electron bolometric (HEB) mixers have demonstrated near
quantum-limited noise performance [1]. Moreover, the local
oscillator (LO) power requirement of HEB mixers is about four
orders of magnitude lower than that of Schottky barrier diode

*Work partially supported by U.S. Government; not protected by U.S.
copyright.

D. Gu and E. Gerecht are with the National Institute of Standards and
Technology, Boulder, CO 80305 USA (phone: 303-497-3939; fax:
303-497-3970; e-mail: dazhen.gu@ boulder.nist.gov).

F. Rodriguez-Morales and S. Yngvesson are with the Electrical and
Computer Engineering Department, University of Massachusetts, Amherst,
MA 01003 USA.

(SBD) mixers. Maintaining a low LO power consumption is a
major challenge in the development of multi-pixel focal plane
arrays (FPAs) at terahertz frequencies. This is due to the
difficulties encountered in producing high power at terahertz
frequencies.

The feasibility of the passive detection technique presented
here relies on the fact that all objects, whose temperatures are
above absolute zero (0 K), emit terahertz radiation. Their actual
emission is related to the black body radiation by a wavelength
dependent emissivity, which is specific to the material in
question. In other words, all objects behave like grey-body
emitters with respect to the ideal black-body. By using ultra
sensitive HEB detectors, an imaging system can potentially
distinguish between different materials in thermal equilibrium.
We chose 850 GHz as the operating frequency for our system,
as it is one of the atmospheric windows for terahertz radiation
and it gives relatively high spatial resolution for this
application.

In this paper, we present progress in the development of a
two-dimensional passive imaging system operating at 850
GHz. The system is based on an integrated HEB/MMIC
heterodyne receiver [2] with a solid state multiplier source used
as the LO. We describe our design considerations, discuss
recent experimental results, and present the challenges
involved in future development of the next-generation terahertz
imagers.

II. DESCRIPTION OF TFIE IMAGING SYSTEM

Fig. I shows a schematic of the terahertz passive imager we
are developing. The scanning of the signal beam produced by
the target is accomplished by use of a flat mirror mounted on a
custom-designed translation unit. The receiver collects
radiation from the scanned object in both the elevation and
azimuth directions. This signal beam is chopped at 23 Hz
against a room temperature black-body source. The LO and the
signal beams are coupled to the fIEB mixer through optical
components, such as off-axis parabolic mirrors and a thin mylar
beam-splitter. The intermediate frequency (IF) output signal is
amplified using a cryogenic low-noise amplifier (LNA)
cascaded with a back-end IF chain of tunable gain and
bandwidth, operating at room temperature. The IF bandwidth
of the receiver is limited by means of a band pass filter, which
is, in turn, connected to a standard microwave detector to
produce a rectified voltage signal. This signal is then fed to a
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Fig. . A schematic of atwo-dimensional te ahertz passive imaging system.

lock-in amplifier referenced by the chopping frequency. A
dedicated data acquisition (DAQ) system collects the lock-in
amplifier's output signal as a function of position with respect
to the target.

A. Quasi-optical coupling

In order to effectively couple the incoming radiations onto
the HEB mixer, we have designed a quasi-optical system
consisting of a silicon lens and a monolithic antenna centered at
850 GHz, shown in Fig. 2. The twin-slot antenna is patterned
on a silicon substrate by using electron-beam metallization
followed by a lift-off step. The HEB device, made of an 'ultra
thin NbN film, with dimensions of 2 IAM wide by 0.5 pm long,
is fabricated between the terminals of the twin-slot antenna.

The twin-slot antenna has a highly symmetrical and linearly
polarized radiation pattern and provides nearly perfect power
coupling to the incident Gaussian beam [3]. The radiation
pattern can be calculated by using the first excited modes and
the electromagnetic field distribution inside the slots. The
far-field pattern is then derived as:

E (8 , q)) M (8 , co) • sin co (1)

E 0 (0 , co) — M (8 , co) cos 8 - cos , (2)

where

HER device 2 pm by 0.5 pun

Fig. 2. Illustration of a quasi-optical system and a twin-slot antenna
photograph.

M(0,q))=

L .
cos — lc, sin 9 cos co

2

L
cos —k

\2 "
cos

k .nes .Ssi inv
2

kj sin' e cos2

and L and S are the length and separation of the twin slots,
respectively, kd---27E/A,d is the wave-number at the dielectric side,
and ka,=--27T/Xin is the effective wave-number at the
vacuum/dielectric interface. The simulated radiation pattern is
shown in Fig. 3. Evidently, most of the radiation propagates
into the dielectric side.

The silicon lens is a rotational ellipsoid that functions as an
aperture antenna, and hence reshapes the far-field radiation
pattern. By using a ray-tracing technique, one can show that the
radiation from the twin slot antenna, placed at the second focus
of the lens, becomes a plane wave in the aperture plane outside
the lens. By considering the combination of the silicon lens and
the twin-slot antenna, one can show that the far-field beam has
a full-width half-power (FWHP) width of about 3 degrees.

B. LO source

The available choices of LO sources at terahertz frequencies
include far-infrared (FIR) lasers, quantum cascade lasers
(QCLs) in the higher terahertz spectrum, and harmonic
multiplier sources in the lower terahertz spectrum. We have
chosen a harmonic multiplier source as the LO because of its
compact size and ease of use.

A conmercially available 850 GHz harmonic multiplier
source [4] is employed as the LO signal. A phase-locked
oscillator generates an output signal at 11.8 GHz. This signal is
used to drive a multiplier chain, which is composed of one
amplifier, two triplers, and three doublers. The entire chain
produces a total of 2 3 x 72 times frequency
multiplication, resulting in an output signal of 11 .8 x 72 850
GElz. The terahertz signal injection is then achieved by using a
WR 1.2 diagonal horn module assembled at the end of the
multiplier chain. This particular harmonic multiplier source can
produce an output power of up to about 250 [LW.

Fig. 3. Simulated radiation pattern of the 850 GHz twin-slot antenna on a silicon
substrate.
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C. integrated receiver block

In a typical receiver system, the mixer and the LNA are
assembled in separate blocks and connected by coaxial cables.
An isolator is often included between the mixer and the LN A in
order to minimize the standing wave between them. Although
this configuration has been widely adopted in astrophysical
receiver systems [5] [6], it does not meet the requirement for a
compact multi pixel FPA. Furthermore, the use of isolators
limits the IF bandwidth to no more than an octave.

In order to eliminate the use of isolators, we have
accomplished a design for integrating the HEB device and the
MMIC LNA in the same block. A multi-section microstrip
matching network is employed to achieve broadband coupling
between the HEB and the MMIC LNA. The HEB device is
located in close proximity to the MMIC chip, which is mounted
in a narrow rectangular cavity for purpose of eliminating
possible amplifier oscillations [2]. This particular MMIC LNA
has been characterized against standards developed at the
National Institute of Standards and Technology (NISI) and
with a recently developed measurement technique [7], exhibits
noise performance of below 5.5 K from 1 GHz to 11 GHz and a
minimum of 2.3 K at 7 GHz. Fig. 4 is a photograph of the
HEB/MMIC integrated mixer block.

D. Beam scan and data acquisition

A scanning scheme was designed to record the image of the
target by means of a line-by-line sweep, often called a raster
scan. Each line of the scan is divided into a number of pixels.
The number of pixels and the distance between pixels can be
adjusted according to the desired resolution and the size of the
target.

The total wait period at each pixel is based on the lock-in
integration time constant. in order to achieve fast scanning and
stability of the signal, the wait period is made ten times longer
than the lock-in time constant.

An automated motion controller, which also functions as a
DAQ system, is used to drive the translator and collect the data
in real-time. The motion controller provides a 0.001 degree
angular resolution and can gather data with 14 bit accuracy
(±600 tiV on a ±10 V scale) at rates up to 10 kHz. The motion

Fig. 4. An integrated mixer block housing an HEB device and an MMIC LNA.

controller has a built-in Pentium processor and is capable of
communicating with a user PC via Ethernet protocol.

III. RESULTS AND DISCUSSION

Our terahertz system was used to take images of various
objects. Fig. 5 shows an example of two room temperature
objects forming a cross suspended over an absorber immersed
in liquid nitrogen. The temperature difference (of about 200 K)
can be clearly distinguished by the color contrast.

The HEB receiver in our imaging system has a noise
temperature of 2200 K. This is not the most sensitive HEB
mixer we have produced [1]. The integration time constant on
the lock-in amplifier was 300 ms, which integrates 7 periods of
the chopping frequency (23 Hz). The IF bandpass filter, with a

center frequency of 2.35 GHz and a bandwidth of 2.3 GHz,
ensures the best overall performance in terms of low noise and
widest bandwidth. We can enhance the spatial resolution of the
image by minimizing the beam waist on the target. In our case,
we had a beam waist of about 3.6 mm. The DAQ system allows
for ten periods of the lock in amplifier time constant (3 s) at
each pixel, resulting in about 90 minutes total to complete a
scan of a 40 by 40 pixel image.

For our imager, the RMS fluctuation in the measured
radiation temperature can be obtained according to the
radiometer formula,

2T„. 2 x (2200 + 300 ) (3)A T =R.4t,  =  0.2 K,
A/B . 1- \12.3 x10 9 x0.3

where Ts, is the system noise temperature, B is the receiver
bandwidth, and r is the integration time ATRivis is the figure of
merit to evaluate the thermal resolution of passive imaging
systems. This figure of merit is also known as NEAT. In our
case, the imaging system can theoretically resolve a
temperature difference as small as 0.2 K. The system
temperature can be decreased to 1000 K with optimum HEB
detectors, while the bandwidth may be increased to at least 3
GHz, resulting in NEAT=37 inK, normalized to a 1 s
integration time The best published results for a direct detector
passive imaging system translates to NEAT --- 700 InK [8].
Presently, heterodyne systems are more sensitive by a factor of
20. Laboratory results for a direct detector [9] indicate

Fig. 5. (a) Photograph and (b) a 850 GHz image of two room temperature
objects suspended over an absorber immersed in liquid nitrogen. Red
corresponds to %Vann temperatures and blue corresponds to cold temperatures
(about 20) K difference).
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improved sensitivity but this direct detector is a long way from
system realization.

A target made of a resistor coil in front of a room temperature
absorber was used to measure the thermal resolution of our
imaging system (Fig. 6). The temperature difference between
the resistor coil and the absorber can be adjusted by changing
the voltage across the resistor. Images at 850 GHz were taken
for two different temperature differences: 35 K and 3 K. The
hot spot corresponding to the warm coil for the 35 K
temperature difference is clearly observed from Fig. 6b. For
the 3 K case (Fig. 6c), the image became somewhat blurred. By
using image post-processing based on a de-speckle algorithm,
the image can be enhanced (see Fig. 6d). From the 3 K case we
can estimate an actual NEAT = 0.5 K for the present system.

IV. SUMMARY AND FUTURE PLANS

We have developed a two-dimensional passive terahertz
imaging system operating at 850 GHz based on HEB
technology. Preliminary results give evidence of a high thermal
resolution (about 0.5 K). The detection speed can be increased
by employing a faster chopper. The next step for increasing
system speed will be to use an FPA. A prototype FPA
containing three elements based on HEB mixers and MMIC
LNAs has already been demonstrated [10].

Fig. 7 shows a conceptual architecture for future large FPAs
using multiple HEB detectors. The lenses and the HEB devices
will be arranged in a fly's eye configuration. Such a
configuration can produce an angular resolution slightly larger
than one diffraction-limited beamwidth. IF amplifiers and DC
circuitry will be assembled on separate boards, connected to the

Fig. 6. (a) photograph of the resistor coil and the absorber; (b) image of 35 K
difference; (c) image of 3 K difference; (d) the same 3 K difference image after
post-processing.

Fig. 7. A conceptual architecture for a terahertz FPA with multi pixels using
HEB/MMIC technology.

HEB devices through kapton ribbon transmission lines. We
expect that this new architecture, combined with MEMS
micro-cryocooler technology, currently under development,
will potentially be able to produce an extremely compact
system for mobile terahertz imagers with video-rate speeds.
Potential applications for these receivers range from medical
diagnostics to security surveillance.
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Abstract—We report on the development of SuperCam, a 64
pixel, superheterodyne camera designed for operation in the
astrophysically important 870 pm atmospheric window.
SuperCam will be used to answer fundamental questions about
the physics and chemistry of molecular clouds in the Galaxy
and their direct relation to star and planet formation. The
advent of such a system will provide an order of magnitude
increase in mapping speed over what is now available and
revolutionize how observational astronomy is performed in this
important wavelength regime. Unlike bolometric detectors,
heterodyne receiver systems are coherent, retaining
information about both the amplitude and phase of the
incident photon stream. From this information a high
resolution spectrum of the incident light can be obtained
without multiplexing. SuperCam will be constructed by
stacking eight, 1x8 rows of tunerless, SIS mixers. The IF output
of each mixer will be connected to a low-noise, broadband
MMIC amplifier integrated into the mixer block. The
instantaneous IF bandwidth of each pixel will be —2 GHz, with
a center frequency of 5 GHz. A spectrum of the central 500
MHz of each IF band will be provided by the array
spectrometer. Local oscillator power is provided by a
frequency multiplier whose output is divided between the
pixels by using a matrix of waveguide power dividers. The
mixer array will be cooled to 4K by a closed-cycle refrigeration
system. SuperCam will reside at the Cassegrain focus of the
10m Heinrich Hertz telescope (HHT) with a dedicated re-
imaging optics system. We report on single pixel integrated
LNA testing, cryogenic system testing, performance of the
prototype backend spectrometer module, and the fabrication
of the first 1x8 array module. This module will be tested on the
HHT in 2006, with the first engineering run of the full array in
late 2007. The array is designed and constructed so that it may
be readily scaled to higher frequencies.

Index Terms—Submillimeter heterodyne array

I. INTRODUCTION

uperCam will operate in the astrophysically rich 870
micron atmospheric window, where the HHT has the

highest aperture efficiency of any submillimeter telescope in
the world and excellent atmospheric transmission more than
40% of the time. The proposed Superheterodyne Camera
(SuperCam) will be an 8x8, integrated receiver array
fabricated using leading-edge mixer, local oscillator, low-
noise amplifier, cryogenic, and digital signal processing

Manuscript received May 18, 2006. This work is supported by the National
Science Foundation Major Research Instrumentation Program, grant
number AST-0421499.

technologies.
SuperCam will be several times larger than any existing

spectroscopic imaging array at submillimeter wavelengths.
The exceptional mapping speed that will result, combined
with the efficiency and angular resolution achievable with
the HHT, will make SuperCam the most uniquely-powerful
instrument for probing the history of star formation in our
Galaxy and the distant Universe. SuperCam will be used to
answer fundamental questions about the physics and
chemistry of molecular clouds in the Galaxy and their direct
relation to star and planet formation. Through Galactic
surveys, particularly in CO and its isotopomers, the impact
of Galactic environment on these phenomena will be
realized. These studies will serve as "finder charts" for
future focused research (e.g. with ALMA) and markedly
improve the interpretation, and enhance the value of
numerous contemporary surveys.

II. SUPERCAM SCIENCE

From the Milky Way to the highest-redshift protogalaxies
at the onset of galaxy formation, the internal evolution of
galaxies is defined by three principal ingredients that closely
relate to their interstellar contents:

• The transformation of neutral, molecular gas
clouds into stars and star clusters (star
formation).

• the interaction of the interstellar medium (ISM)
with the young stars that are born from it a
regulator of further star formation.

• the return of enriched stellar material to the ISM
by stellar death, eventually to form future
generations of stars.

The evolution of (the stellar population of) galaxies is
therefore determined to a large extent by the life cycles of
interstellar clouds: their creation, starforming properties,
and subsequent destruction by the nascent stars they spawn.
The life cycle of interstellar clouds is summarized
pictorially in Figure 1. Although these clouds are largely
comprised of neutral hydrogen in both atomic and molecular
form and atomic helium, these species are notoriously
difficult to detect under typical interstellar conditions.
Atomic hydrogen is detectable in cold clouds via the 21 cm
spin-flip transition at 1420 MHz, but because the emission
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line is insensitive to gas density, cold (T-70K) atomic
clouds are not distinguishable from the warm (T-8000K)
neutral medium that pervades the Galaxy. Furthermore,
neither atomic helium nor molecular hydrogen (H2) have
accessible emission line spectra in the prevailing physical
conditions in cold interstellar clouds. Thus, it is generally
necessary to probe the nature of the ISM via rarer trace
elements. Carbon, for example, is found in ionized form
(C+) in neutral HI clouds, eventually becoming atomic (C),
then molecular as carbon monoxide (CO) in dark molecular
clouds. The dominant ionization state(s) of carbon
accompany each stage of a cloud's life in Figure 1. In
general, however, only global properties can be gleaned
from the coarse spatial resolution offered by studies of
external galaxies. Therefore detailed interstellar studies of
the widely varying conditions in our own Milky Way
Galaxy serve as a crucial diagnostic template or "Rosetta
Stone" that can be used to translate the global properties of
distant galaxies into reliable estimators of star formation rate
and state of the ISM.

Figure 1: Life cycle of the ISM

III. SUPERCAM INSTRUMENT DESCRIPTION

A. Instrument Design

Unlike all other millimeter/submillimeter arrays
composed of individual mixers and discrete components,
SuperCam has a high degree of integration. Well conceived,
efficient packaging is essential to the successful
implementation of large format systems. The enormous
complexity of even a small discrete system suggests a more
integrated approach for larger systems. At the heart of the
array is an 8x8 integrated array of low-noise mixers. The
array mixer contains first stage, low-noise, MMIC IF
amplifier modules with integrated bias tees. A single solid-
state source provides local oscillator power to each array
mixer via a waveguide corporate power divider and a simple
Mylar diplexer. Below we discuss SuperCam's key
components.

1) Cryogenics
The SuperCam cryostat is shown in Figure 2. Light from

the telescope enters the cryostat through a 127 mm diameter
AR coated, crystalline quartz vacuum window and passes
through an IR blocking filter on the 40 K radiation shield
before illuminating the 4 K mixer array. SuperCam uses a
Sumitomo SRDK-415D cryocooler. The cooler has 1.5 W
of thermal capacity at 4.2 K and 45W at 40K with
orientation-independent operation. The operating
temperature of the cryocooler is stabilized by the addition of
a helium gas pot on the 2nd stage. A CTI cryogenics CTI-
350 coldhead supplements the cooling of the 40K shield,
and provides 12K heatsinking for the 64 stainless steel
semi-rigid IF cables. The addition of this second coldhead
permits the use of moderate lengths of standard coaxial
cable while maintaining low heat load at 4K. Calculations
indicate the SRDK-415D load capacity is sufficient to cool
the mixers, magnets, and amplifiers to the proper operating
temperatures. The cryostat was constructed by Universal
Cryogenics in Tucson, Arizona, USA. Cryogenic load
testing using heaters at all temperature stages have verified
that both the cryocoolers meet their rated load
specifications. The cooling capacity is adequate given the
expected heat loading from the DC wiring, semi-rigid cable,

Figure 2: The SuperCam cryostat

amplifiers and magnets, with an expected load capacity
margin of-5O%.

2) Mixer Array
We are developing a compact, sensitive, 64 pixel array of

SIS mixers optimized for operation in the 320-360 GHz
atmospheric window. The two dimensional, 8x8 array will
be composed of eight, lx8 subarrays. The array mixers will
utilize SIS devices fabricated on Silicon-On-Insulator (SOD
substrates, with beam lead supports and electrical contacts.
The waveguide probe and SIS junction are based on an
asymmetric probe design currently in use at the Caltech
Submillimeter Observatory in their new facility 350 GHz
receiver. The measured DSB noise temperature of this
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receiver (40 K) is excellent and essentially frequency
independent across the band. The 1x8 mixer subarrays will
be constructed from tellurium copper using the splitblock
technique. Stainless steel guide pins and screws are used to
ensure proper alignment and good contact between parts.
Figure 3 is a pictoral representation of one mixer in a 1x8
subarray. A low-loss, dielectric lens couples energy from
the telescope into a diagonal feedhorn. The energy in the
horn passes through a 90

0
 waveguide bend before reaching

the impedance transformer to full height rectangular
waveguide. The SIS device is suspended above the
suspended stripline channel via four small beamlead
supports. Both the hot and ground beamleads are tack-
bonded with a wirebonder to the MMIC module input pad
and block, respectively. The mixer blocks will be fabricated
at the University of Arizona using a Kern MMP
micromilling machine purchased for this project. This
numerically controlled mill can fabricate structures to
micron accuracy with a high level of automation.

1x8 SuperCarri Mixer Module
Lens A ray

Figure 3: Assembly diagram of a single mixer module.

3) Local Oscillator
With an array receiver, LO power must be efficiently

distributed among pixels. Depending on the mechanical and
optical constraints of the array, a balanced distribution can
be achieved using quasioptical techniques or waveguide
injection. With the quasioptical approach, dielectric beam
splitters or holographic phase gratings are used to divide the
LO energy between array pixels. The quasioptical approach
works well for modest sized arrays. However, for the large
format system being proposed here, the size of the required
quasi-optical power splitter and diplexer become
prohibitive. Therefore we have chosen to use a hybrid
waveguide/quasioptical LO power injection scheme. The
LO power for the array will be provided by a single solid-
state, synthesizer-driven source available from Virginia
Diode Inc. The active multiplier chain consists of a high
power solid-state amplifier followed by a series of tunerless
broadband multipliers. The output of the multiplier is

coupled to an eight-way waveguide corporate power divider
with splitblock machineable waveguide twists. Each of the
eight outputs provides the drive power for a 1x8 subarray
via an identical 8 way corporate divider with diagonal
waveguide feedhorn outputs. A lens array similar to the
mixer lens system then matches the LO beams to the mixers
through a simple Mylar beamsplitter diplexer. This scheme
ensures uniform LO power in each beam since the
waveguide path lengths are identical for each beam. In
addition, the waveguide feedhorns and lenses provide well
controlled and predictable LO power distribution and
coupling to each mixer. Accounting for conduction and
surface roughness losses, we expect this 64-way network to
add an additional 2dI3 of LO power loss compared to a
lossless divider.

4) IF/Bias Distribution System
The IF outputs from the SIS devices are bonded directly

to the input matching networks of low-noise, InP MMIC
amplifier modules located in the array mixers. These
amplifier modules have been designed and fabricated by
Sander Weinreb's group at Caltech. The IF center frequency
of the array is 5 GHz. The MMIC chip is contained in an
1 l mm x 1 lmm amplifier module that contains integrated
bias tees for the SIS device and the amplifier chip. The
module achieves noise temperature of —5 K consuming 8
mW of power at 4K. The first 10 amplifier modules are
complete. An example is shown in figure 4, with measured
gain and noise data at 8 mW power dissipation. We have
integrated an amplifier module into a single pixel SIS mixer
and have verified that the amplifier module operates as
expected. Allan varience times and mixer noise
temperatures are unchanged within the measurement errors
compared to a similar mixer used with an external
commercial LNA and cryogenic isolator.

5) Array Spectrometer
The SuperCam spectrometer will deliver 64 channels at

512 MHz/channel with 125 kHz resolution, or 32 channels
at 1 GHz with 250 kHz resolution. The system will be
capable of resolving lines in the coldest clouds, while fully
encompassing the Galactic rotation curve. Operated in 32
pixel mode with 1 GHz (880 km/s) of bandwidth,
extragalactic studies are enabled. This leap in spectrometer
ability is driven by the rapid expansion in the capabilities of
high speed Analog to Digital Converters (ADCs) and Field
Programmable Gate Arrays (FPGAs). The SuperCam
spectrometer, to be provided by Omnisys AB of Sweden, is
based on a real-time FFT architecture. High speed ADCs
digitize the incoming RF signal at greater than 10 bits
resolution, preventing any significant data loss as with
autocorrelation based schemes. Then, large, high speed
FPGAs perform a real time FFT on the digitized signal and
integrate the incoming signal. Only recently has Xilinx
released FPGAs fast enough and large enough to
accommodate the firmware capable of this task. These
systems are fully reconfigurable by loading new firmware
into the FPGAs. In addition, the spectrometer can be easily
expanded to increase bandwidth. We will receive 16 boards
capable of processing 64x512 MHz or 32x1 GHz.

6) Optics
The existing secondary mirror of the Heinrich Hertz
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Telescope provides a f/13.8 beam at the Nasmyth focus. The
clear aperture available through the elevation bearing
prevents the possibility of a large format array at this
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High resolution Terahertz spectroscopy of
species of astrophysical interest

K. Demyk, L. Aballea, L. F. Constantin

Abstract—We developed a high resolution Terahertz
spectrometer relying on optically-pumped molecular lasers
referenced to an absolute frequency standard and mixed with
tunable microwave generators on Schottky diodes. The
spectrometer is coupled to a cell for gas-phase production of
light radicals, ions or floppy molecules that may be detectable
with the future instruments Herschel, Sofia and ALMA. We
observed the rotational spectrum of urea and of the isocyanic
acid in the range of 875-901 GHz.

Index Terms—Submillimeter wave spectroscopy,
Submillimeter wave lasers, Submillimeter wave technology,
Schottky diode frequency converters, Frequency measurement

I. INTRODUCTION

'VI- OLECULAR lasers are powerful tools for high
resolution terahertz spectroscopy. The approach used

from a number of years to generate tunable Terahertz
radiation is to couple fixed frequency laser with tunable
microwawe to Scottky diodes and the resulting sidebands
are reradiated and can be easily tuned by tuning the
microwave source. For accurate spectral measurements, the
laser frequency can be further referenced to an absolute
frequency standard. We set up a sideband laser spectrometer
in order to characterize the high amplitude motions of large
flexible molecules (e.g. polycyclic aromatic hydrocarbons,
prebiotic species) and the rotational spectrum of light
radicals or molecular ions. These astrophysically relevant
species may be detectable with the future instruments
Herschel, Sofia and ALMA that will investigate the
Terahertz Universe with high spectral resolution and
sensitivity.

II. A TERAHERTZ MOLECULAR LASER SIDEBAND

SPECTROMETER

A. TH optically-pumped molecular laser

The carbon dioxide pump laser is a commercial device
(Edinburg Instruments, model PL6) using a DC-discharge,
flowing gas technology that delivers up to 200 W on the
strongest lines. The CO 2 laser could be precisely tuned over
some 100 rovibrationnal lines of the 9 gm and 10 gm bands
using a grating in zero-order autocollimation and a
piezoelectric transducer. The CO 2 laser pumps coaxially a
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lab-made Terahertz laser. The laser cavity consists of an
input coupler for the CO 2 radiation and an output coupler for
the Terahertz radiation, separated by a 2.7 m long, 38 mm
diameter bore Pyrex tube which acts as a waveguide for
both THz and CO2 radiation. The input coupler is a flat
gold-plated brass mirror with a 2 mm central pin-hole. The
output coupler is a flat gold-plated brass mirror with 6 mm
diameter central hole. It can be moved with a stepper motor
in order to tune the cavity into resonance with the THz laser
modes.

We operated the laser with HCOOH, CH 2F2, CH3OH,
CH3CH2F as gain media, which provided more than 20
emission lines in the range 0.6-2.5 THz [1, 2] with power in
the range 10-100 mW.

B. Mixing elements at terahertz frequencies

Non-linear mixing at terahertz frequencies has been
demonstrated [3,4] with Schottky barrier diodes with ultra-
high cut-off frequencies thanks to their femto-farad junction
capacitance and low series resistance. We developed in our
lab a triple-arm open mixing structure with whisker-
contacted Schotky diodes using Virginia Diodes 1TXX
diode chips. It allows mixing of THz radiation with
microwaves coupled either through a coaxial Bias-Tee or a
rectangular waveguide [5]. The lower part of a L-shaped
whisker, defined by the bend of the whisker, contacts the
sub-micron Schottky diode anode and acts as an antenna for
THz radiation. A dihedral corner reflector positioned behind
the antenna allows enhanced coupling of the laser beam at
the diode. An off-axis parabolic mirror focuses THz
radiation on the diode. Optimal coupling of a 4. antenna
mounted at 1,2X, from each face of the dihedral angle is
reached when the waist size of the laser beam at the diode is
w0=1,282c [6].

C. Frequency stabilisation system

The frequency accuracy of the measurement of the
molecular lines depends on the frequency accuracy of the
terahertz laser. Thermal drift of the THz laser cavity and the
CO2 laser cavity can induce a slow variation of the THz
laser frequency. Locking the CO 2 laser frequency against the
far-infrared emission lines [7], or against the CO2 saturated
fluorescence lines [8] - although the last technique provide
better frequency stability of the CO2 laser [9] - allowed to
control the THz emission frequency via a Doppler pulling
effect. Direct locking of the THz laser frequency against an
absolute frequency standard was performed by heterodyne
mixing of THz radiation with stabilised CO2 lasers on point-
contact MIM diodes in the frequency measurement chains
[10], or by mixing of THz radiation with a harmonic of a
microwave standard [11} that can lead to millihertz-level
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Figure 1: Frequency stabilisation system

spectral purity of the phase-locked THz laser when
associated with pump laser frequency stabilisation [12].
For measuring Doppler limited THz molecular lines with a
Megahertz-level spectral linewidth, this phase-lock accuracy
of THz molecular laser is not really necessary. We set up a
THz laser stabilisation scheme, shown in Figure 1, for
measuring THz laser against an absolute frequency standard
(10 MHz signal from the Global Positioning System) and
controlling its slow frequency drifts.

A 77-83 GHz klystron radiating 50 tnW in a WR-12
waveguide is coupled, through a 3-port 20 dB directional
coupler, to a harmonic mixer and heterodyned with the 8th
harmonic of a microwave synthesizer referenced to the GPS.
The intermediate frequency signal at 320 MHz is separated
by the DC bias signal, filtered (bandwidth 10 MHz) and
amplified with a broadband LNA and shows a typical signal
at 30 dB above noise (RBW 1 kHz) that allows efficient
phase-locking of the klystron to the synthesizer harmonic.
The main line of the directional coupler goes though a
power attenuator to the waveguide input of our THz mixer
using a 1T12 Schottky diode. THz laser radiation is
heterodyned with successive harmonics of the klystron and
the intermediate frequency at 525 MHz is extracted through
the Bias-Tee coaxial coupling of the mixer, filtered and
amplified. Thanks to high LO power, the beatnote is
detected with a small fraction of THz laser radiation
(providing typical 20 mV video response of the Scottky
diode biased at 0,7 V) which is extracted with our optical
setup (Figure 2) by convenient adjusting of the waveplate,
while the essential of the laser power is used for sideband
generation.
The beatnote recorded on 1-s timescale (Figure 3) with 889
GHz laser line shows a 5 kHz FWHM linewidth that
demonstrates high intrinsic spectral purity of our THz laser.
The beatnote recorded with 1838 GHz laser line shows a
broader linewidth (75 kHz FWHM) that could be associated

Beatnote of CH 2CHF 889 341 368 (5) kHz laser line
with 11 th harmonic of a klystron
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Figure 3: Spectral purity of the free-running THz molecular laser

to increased phase noise due to high harmonic frequency

THz laser
Figure 2: Optical setup of sideband generation. A: wiregrid analyser, Mm
movable mirror. The Output port is used either for frequency stabilisation
of the laser or for power calibration by conveniently aligning Mm

multiplication or specific phase noise of the pump laser
induced by the optical feedback from THz laser cavity.

The free-running laser shows slow frequency drifts up to
400 kHz over 10 minutes with up to 40 kHz rms. The offset
between the beatnote frequency and 525 MHz is recorded by
a computer that generates a digital error signal with 1 s
integration time and drives the stepper motor that control the
laser cavity length. The frequency stability of the locked
laser is better than 40 kHz rms over an hour that
demonstrates efficient correction of slow frequency drifts.

D. Sideband generation and bolometric detection

The terahertz optical system allowing sideband generation
is shown in Figure 2. It makes use of low dispersion
polarising or reflecting optics that ensures broadband
operation of the spectrometer.

The laser beam with linear polarisation impinges on a
wire-grid polarizer which is rotated at 45° to the vertical
direction and backed by a plane metallic mirror fixed on a
micrometer translation mount. This device acts as a
reflective waveplate and allows modifying continuously the
laser polarisation from vertical to horizontal by adjusting the
distance between polarizer and the mirror.

Vertically polarized THz radiation is reflected by a wire-
grid polarisation analyser to a Martin-Puplet diplexer [13]
which is essentially a Michelson interferometer with a
polarisation-dependent beamsplitter (a wire-grid polarizer
rotated at 45° to the vertical direction), two rooftop dihedral
metallic reflectors and a Schottky diode mixer. The mixer
preferentially couples vertically polarised radiation to the
diode. The re-radiated power by the mixer at vT

,
Hz is coupled

through the same optical path in the diplexer as the
incoming laser beam and is reflected back to the laser. The
sidebands emitted at Viuz+Vmw undertake a different phase
change in the interferometer, thus a different polarisation
status when reaching the analyser. If L is the pathlength
difference and there are m,n integers such as:
2L = 2mAffiz = (2n +1)A,s, sidebands emerge with a

polarisation crossed to the polarisation of the incoming laser
and are transmitted through the analyser. If vn iz>>vmw, the
previous condition can be meet accurately when L=Xmw/2
and both sidebands are extracted from the diplexer with
equal efficiency.

We operated the sideband generator with a 2-20 GHz
synthesizer coaxially coupled to the diode through a Bias-
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Tee and with guided-wave in the range of 50-110 GHz from
Militech active multipliers.

This system allow in principle very efficient separation of
the sidebands from the laser power. Non-ideal operation

00 150 200
m/z (a.m.u.)

Figure 6: Mass-spectrum of laser-ablated pyrene

with low separation efficiency appear when polarisation
state of the laser is changed, that obviously come out when
incoming laser beam is reflected back by the corner cube of
the antenna. However, one can precisely discern the part of
sidebands in the radiation transmitted by the analyser by
applying, for example, 100% full amplitude modulation of
the RF power on the synthesizer that drives the mixer and
using a lock-in detection scheme.

We performed a direct measurement of the efficiency of
sideband generation. A QMC bolometer is used as detector
providing a linear response for THz power up to a mW level
with the calibration data granted by the manufacturer. The
analyser, fixed in a kinematic mount, was removed and
incoming laser radiation was focused with a movable mirror
directly on the bolometer. That allowed us to estimate the
THz laser power 

'laser
I S from the bolometer

voltage response V/aser and its responsivity S. The pressure of
the lasing gas and the current of the DC-discharge of the
CO2 laser were lowered providing a THz laser emission at a
mW level that doesn't saturate the bolometer response. We
set up the analyser afterwards and we aligned the movable
mirror in order to focus on the bolometer the radiation
exiting the diplexer. The AM detection technique allowed us
to estimate the power in one sideband

600 800 11)30 1203 1400 1600
Frequence.H.

Figure 4: Sideband generation efficiency

P SB = V SB *C AC—DC SSB where V SB is the lock-in output

voltage and the last conversion factors, equals to 2, are
determined by the AC to DC signal processing with the
lock-in and by the detection of both sidebands.

Figure 4 shows the values of the sideband generation
efficiency for different laser lines. We used an 1T21
Schottky diode biased at 0,7 V. The mixer was driven at 4

GHz with a synthesizer providing 8 dBm of microwave
power. The diplexer pathlength was optimised for each laser
line as well as the optical alignment of the corner cube
mixer. The mixer has broadband operation, while the best
sideband generation efficiency, that is around 2.104, is
reached on the 783 GHz laser line. Its wavelength
corresponds to a quarter of the 1.6 mm whisker-antenna that
allows optimal coupling of the laser power to the mixer.
When the synthesizer that drives the mixer is swept from 2
to 20 GHz, the optimal values of sideband generation
efficiency do not vary more that 15% of the listed values,
that point out efficient broadband coaxial coupling of the
microwaves to the diode. The sideband generation
efficiency is typically one order of magnitude lower with a
less efficient waveguide-coupling of 50-110 GHz
microwaves to the mixer.

The detector is a two-channel QMC InSb cyclotron-
resonance assisted hot electron bolometer with an improved
spectral response up to 3 THz. The manufacturer specified a
responsivity S=4230 V/W and a noise-equivalent power
NEP=2 pW.H1 2. These values determinates the sensitivity
of the spectrometer since the THz power level is not enough
strong in order to overcome the detector noise. Absolute
power calibration of the 783 GHz laser line [14] allow us to
estimate the maximal sideband power at 10 tW, thus the
minimum detectable fractional absorption of the
spectrometer is 2.10 -7 . This value neglect specific baseline
problems of the THz spectrometer setup — the coupling of
the sidebands to the THz laser cavity and the power

Figure 5: Fine structure of a rotational line of CH3C1

fluctuations of the CO2 laser, induced by optical feedback —
that could limit the ultimate sensitivity of the spectrometer.

The system allows broadband scans for molecular lines,
improving the previous heterodyne detection scheme [2].
Figure 5 shows a rotational spectrum of the ground state of
methyl chloride, a key-molecule for aeronomy that was
studied extensively in our group [1 5 and references therein].
The spectrum shows the K rotational structure of .1:34<-33
line over 1,2 GHz that was recorded with excellent SNR
with 100 ms acquisition time per point in 10 minutes, using
a frequency-modulation technique of the sidebands and 2-f
lock-in detection. The spectrum baseline is determined by
interference fringes in the 3 m long absorption cell.

III. GAS-PHASE PRODUCTION OF ASTROPHYSICALLY
RELEVANT MOLECULES

We have coupled to the spectrometer a new cell for the
gas-phase production of molecules that are astrophysically
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[3]

[5]

[7]

[9]

relevant for the observation missions of the Terahertz
Universe. A quadrupole mass spectrometer (Pfeiffer-
QMG422, mass range 1-512 a.m.u.) in a differentially-
pumped vacuum chamber is used to monitor the
composition of gas-phase generated neutral or ionised
species.

The laser desorption/ablation technique allows us to study
a large range of species having low vapor pressure and/or
which decompose or polymerize upon heating. The
desorption of solid samples (pellets of thin films) is realized
with a 10 ns Q-switched Nd:Yag laser wich delivers 4-25
mJ at 1064 nm and its 532, 355, 266 nm harmonics. This set
up has been tested on different species such as pyrene,
glyceraldehyde, urea. The pyrene mass spectrum shown in
Figure 6 has been obtained using the 2nd harmonic at 532
nm at maximum laser energy (25 mJ) with a repetition rate
of 15 Hz.

The supersonic beam technique allows the production of
intense cold molecular samples from the adiabatic expansion
through a nozzle. Our setup uses a 1 mm diameter pulsed-
nozzle with two stainless steel electrodes placed directly in
the front of the nozzle that allow operating a high-voltage
discharge of the molecular beam. Light hydrides, like OH
[16], or molecular ions, which are the tracers of the ISM
chemistry, will be investigated with this setup.

IV. THE TERAHERTZ SPECTRUM OF UREA

Urea is a prebiotic molecule of astrophysical interest. It is
involved in the formation of pyrimidines which have been
detected in the Murchinson meteorite [17]. Urea have been
temptatively detected in icy grains [18] by comparison of
the laboratory spectrum of VUV photolysed HNCO and
NH3/H20 ice mixture with spectroscopic observations from
ISO at 6 1,tm of the protostellar object NGC7538IR59. Urea
could then be released to the gas phase via thermal
desorption. Urea rotational transitions might thus be
detected in the gas phase around protostars.

The rotational spectrum of urea and its isotopic species in
their groud vibrationnal state have been studied in the 8-19
GHz frequency range [19,20]. Recent measurements was
performed in the millimeter-wave range at the Institute of
Radio Astronomy (Kharkow, Ukraine) around 200 GHz
[21]. These results allowed us to predict the urea spectrum
in the 870-910 GHz range with an accuracy better than 30
MHz.

The detection of the Terahertz absorption spectrum of
urea ablation plume is challenging because of the ultra-low
density of the molecular population in a specific rotational
level and the direct detection scheme which is used.

To overcome this problem we have heated urea in a
temperature-stabilised brass oven coupled to the cell. The
pressure in the cell was typically 5.10 -2 Pa when the oven
was maintained at 373 K. The spectrum shown in Figure 7,
recorded with 1 s acquisition time per point, displays two
near-resonant transitions where one may be due to urea
while the other is most probably a line of the isocyanic acid
(HNCO), an urea thermal decomposition product. We
measured many HNCO lines that are shifted up to 6 MHz
from the predicted line frequencies provided by the JPL
molecular spectroscopy database [22]. A new analysis of the
spectroscopic constants taking into account our
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Figure 7: Absorption lines of urea and HNCO

measurements should improve the accuracy of the prediction
of HNCO Terahertz spectrum. Further work for increasing
the efficiency of urea gas-phase generation, by avoiding its
condensation on the cold walls of the cell and its thermal
decomposition, will allow the measurement of other
terahertz urea lines.
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I. Introduction.

In the millimeter-submillimeter range, Quasi-Optical
QO benches can be relatively compact, typically of
order 10cm wide and lm long. The focussing
elements used in these benches are dielectric lenses,
or off-axis elliptical mirrors. Simultaneous
Transmission, T, (corresponding to the complex 521
parameter) and Reflection, R, (corresponding to the
complex 511 parameter) are vectorially detected
versus frequency in the frequency range 40-700 GHz.
A parallel-faced slab, thickness e, of dielectric
material is placed at a Gaussian beam waist within the
system. It is straightforward to determine the
refractive index n (with C=112) of this sample from the
phase rotation A(130:
(n-1)e/2, = A0/360
The loss factor tan6 is known from the damping of
the transmitted signal, Fig.1:
tans = 1.1 a(dB/cm)/nF(GHz)

Fig.l. Transmission through 10.95mm nylon. a),
thick line, is the observed amplitude in V-W bands, b)
is the corresponding phase (represented in opposite
sense for clarity). Around 305 GHz, the measured d)
phase value, in good alignment with extrapoled b),
shows that the permittivity c'=3.037 is constant with
frequency. On the contrary, the position of the
amplitude c) shows that the loss, which was
tanO=0.013 at low frequencies, has increased to
tan -6=0.019, since c) is far from the extrapoled a).

The samples in this measurement system act as
Fabry-Perot resonators with maximum transmission
corresponding to minimum reflection, and vice-versa,
Fig.2, with a period AF=c/2ne. For very low loss
materials, there is however some difficulty in
measuring the loss term by a single crossing, since
the maximum transmission is very close to 0 dB. One
uses the cavity perturbation technique, which makes
visible the low losses after many crossings through
the dielectric slab, Fig.3.

Fig.2. Transmission a) and reflection b) through 9.53
mm AIN. The dielectric parameters, observed in V-W-
D bands, are constant with C-8.475, tanb=0.0007,
also measured the same in cavity at 140.4 GHz.

Fig.3. Resonances observed in an open Fabry-Perot
cavity loaded by a 10.03mm thick slab of slightlty
birefringent Teflon.In a) the RF field is along the
large index axis E'=2.0664, in b) along the small
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index axis c'=2.0636. in c) is the empty cavity
resonance. The c' anisotropy is exactly the same as
observed at 135 GHz. The loss has increased from
tan6=0.0003 at 135 GHz to 0.0008 at 660 GHz.

II. Experimental setups for free-space
propagation.

In V-W-D bands (extended down to ca 41 GHz, close
to the V-band cutoff), we use the following
waveguide components. On the source side, the
Harmonic Generator HG sends its millimeter power
through a full-band Faraday isolator FIl , cascaded
with a fixed attenuator AT1, a directional coupler DC
(from port 2 to port 1) and a Scalar Horn SH1. The
reflection (Channel 1) is detected by a Harmonic
Mixer HM1 attached to output 3 of the DC through
the isolator FI2.
On the transmission detection side, the Scalar Horn
SH2 sends the collected wave to the Harmonic Mixer
HM2 (Channel 2) through cascaded AT2 and FI3.

III. Isolators FIs and Attenuators ATs, what for?

The first use of isolators is to assume a one-way
propagation. The non-linear devices HG and HMs
contain Schottky diodes. In case the wave can travel
go-and-back from one device to the other, the
combination of non-linear and standing waves effect
can send microwave power from a given harmonic to
another harmonic [1]. This is why multipliers
cascaded without isolation (like x2x3) can create
unexpected harmonics (like x5, or x7). We have also
observed, for instance with cascaded triplers (x3x3),
measurable amounts of unexpected x10, x11, or x12
[2]. The devices HG and HMs can be viewed as
Schottky diodes across waveguides, meaning
unmatched structures. The second use of the FIs is to
reduced the VSWR. Their typical return is -20dB
(VSWR ca 1.22). We improve this value down to -
30dB (VSWR ca 1.07) when introducing the fixed
attenuators ATs.

Fig.4. Transmission a) and reflection b) through a
3mm thick MgAl204 slab. These raw data show
parasitic standing waves appearing as noise.

Iv. Experimental difficulties.

Even with our best benches using the complete chains
assuming a low VSWR (<1.1, see III.), the parasitic
standing waves effects are clearly visible on raw
data, Fig.4-5. They are due to multiple reflections
between the sample, placed perpendicular to the
beam, and the components of the bench. However,
they can be completely filtered by FT calculations,
Figs.6-7.
There is a lack of FIs waveguide isolators above 220
GHz and, as far as we know, of DCs above 400 GHz.
As a consequence, characterization at submillimeter
wavelengths is operated by transmission only, and is
much more difficult, Fig.8, than in V-W-D-bands,
due to large parasitic standing waves..

Fig. 7. Polar plot of Fig.6.
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Fig.8. Transmission across 9.97mm sapphire, from
469 GHz, point a), to 479 GHz, point b), with
absorbers, total 30 dB, between source and detection,
in order to reduce the parasitic standing waves.
Despite this strong attenuation, the measurement
quality is far from being as good as at lower
frequencies, like in Fig 7. In c) is the 473.3-474.5
GHz sweep without absorbers, showing big standing
waves effects.

V. Non-magnetized ferrites characterization.

In the case of ferrite materials, the properties are very
strongly frequency dependent. Non-magnetized
ferrites show a strong resonance in the range 50-60
GHz, Fig.9, and the asymptotic behaviour, far from
resonance, starts to be visible beyond 200 GHz.
Measurements performed at 475 GHz on six samples
give c' in the range 18.8-21.4, and tans in the range
0.012-0.018.

Fig.9. Transmisson a), and reflection b), through a
2.55 mm thick non-magnetized TDK ferrite sample.

VI. Magnetized ferrites.

When a ferrite is submitted to an external, or internal,
magnetic field, there is a strong anisotropy of
propagation according to the circular polarization of
the crossing electromagnetic wave [3]. The two
refractive indices n+/- are given by:
(n+/-)2 = g ' [1 + Fm / (Fo F) ],
where F is the frequency, Fo the Larmor frequency,
Fm is proportional to the remanent magnetization of
the ferrite, and c* is the dielectric constant. Any

linearly polarized wave, like ours at the SH outputs,
can be viewed as the superposition of two opposite
senses circularly polarized components. After
crossing the ferrite, one of the components has
experienced a larger retardation than the other, so
that, when recombining the two, the plane of linear
polarization has been rotated. In order to characterize
magnetized ferrite samples, it is necessary to measure
not only the transmitted signals with a polarization
parallel to the source, but also those with polarization
at +1-45 degrees, and 90 degrees, see Figs.10-11-12.

Fig.10. Transmission through 2mm magnetized
sample FB6H1, a) is -45°, b) is +45°. Experimental
traces and superimposed fittings.

When adding an anti-reflection coating on each side
of the magnetized ferrite, the thickness of the ferrite
being chosen so that the rotation through it is 45° at
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the required frequency, one can obtain a good QO
Faraday Rotator, Fig.13. The performances observed
around the central frequency, Figs. 14-15, are at least
similar (for isolation or matching) or better (for
insertion loss) than the equivalent waveguide
isolators.

Fig.14. Magnetized ferrite c257 working as an
isolator. The S21 parameter in a) is the particularly
low insertion loss ca 0.5 dB. The S22 parameter in b)
is the matching at the output, the Si] parameter in c)
is the matching at the input, the 512 parameter in d)
is the good isolation, around 30 dB.

Fig.15. Same as Fig 14, with another sample: c258.

VII. Q0FRs expected to become submillimeter
isolators and Directional Couplers.

Our QO benches studying samples perpendicular to
the wave beam, are, up to now, less performing in
submillimeter (Fig.8) than in the millimeter domain
(Fig.7), due to parasitic standing waves. Introducing
the appropriate QO Faraday Rotators will reduce this
effect. On Fig.16 one can see how a QOFR can be
simply configurated for that purpose.

Fig.16. Schematic diagram of a QOFR used as an
isolator (there is a matched load at g) Port 3, or as a
Directional Coupler DC for detecting reflected waves
at g). The vertical polarisation at a), fully transmitted
through the horizontal grid b), rotates by +45°
through the magnetized ferrite c), then is fully
transmitted through the -45° grid d). Any reflected
signal without polarisation change will cross back d)
without loss, then will rotate by +45 again across c),
becoming horizontal, then will be totally reflected by
the horizontal grid b), towards Port 3.

VIII. Conclusion.

Precise and quick QO measurements in the 40-170
GHz interval, in particular for ferrites
characterization, opens the possibility of similar
precise and easy measurements at high frequencies,
including the submillimeter domain, by using these
ferrites in Q0FRs in progress [4]. At the same time,
widely sweepable solid-state submillimeter sources
must be developed.

References.

[1] P. Goy, M. Gross, S. Caroopen, 4th International
Conference on Millimeter and Submillimeter Waves
and Applications, San Diego, California USA, 1998
Jul 20-23 -Millimeter and Submillimeter Wave
Vector Measurements with a network analyzer up to
1000 GHz. Basic Principles and Applications.-.
[2] P. Goy, private communications 2005-2006.
[3] R.I. Hunter, D.A. Robertson, G.M. Smith, 29th Int
Conf on IR and mmWaves, Karlsruhe, 2004 Sep 27 -
Oct 1, "Ferrite Materials for Quasi-Optical Devices
and Applications".
[4] R.I. Hunter, D.A. Robertson, P. Goy and G.M.
Smith. "Characterization of Ferrite Materials for use
in Quasi-Optical Faraday Rotators" to be published.

337



17th International Symposium on Space Terahertz Technology FR3-3

550-650 GHz spectrometer development for
TELIS

P. Yagoubov, R. Hoogeveen, M. Torgashin, A. Khudchenko, V. Koshelets,
N. Suttiwong, G. Wagner, M. Birk

Abstract—In this paper we present design and experimental
results of the 550 - 650 GHz channel for the Terahertz Limb
Sounder (TELLS), a three-channel balloon-borne heterodyne
spectrometer for atmospheric research. This frequency channel
is based on a phase-locked Superconducting Integrated Receiver
(SIR). SIR is an on-chip combination of a low-noise SIS mixer
with quasioptical antenna, a superconducting Flux Flow
Oscillator (FFO) acting as Local Oscillator (LO) and SIS
harmonic mixer (HM) for FFO phase locking. The microcircuit
is designed as a quasioptical mixer. We report first results of the
SIR mixer sub-assembly noise temperature and beam pattern
measurements. We have also tested flight configuration of the
550-650 GHz receiver, which includes cold optics, flight
electronics and digital backend spectrometer, to measure
emission line of the OCS gas in the laboratory gas cell.

Index Terms — Josephson mixers, integrated receiver,
superconducting devices

I. INTRODUCTION

rr ELIS (Terahertz Limb Sounder) is a cooperation between
DLR (Institute for Remote Sensing Technology,

Germany), RAL (Rutherford Appleton Laboratories, UK) and
SRON (National Institute for Space Research, the
Netherlands), to build a three-channel balloon-borne
heterodyne spectrometer for atmospheric research. The three
receivers utilize state-of-the-art superconducting heterodyne
technology and will operate simultaneously at 500 GHz
(channel developed by RAL), at 550-650 GHz (SRON in
collaboration with IREE), and at 1.8 THz (DLR). TELIS is
designed to be a compact, lightweight instrument capable of
providing broad spectral coverage, high spectral resolution
and long flight duration (-24 hours duration in a flight
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campaign). The combination of high sensitivity and extensive
flight duration will allow evaluation of the diurnal variation of
key atmospheric constituents such as OH, H0 2 , C10, BrO
together will longer lived ones such as 0 3 , HCL and N20. The
balloon platform on which TELIS will fly also contains a
Fourier transform spectrometer MIPAS-B developed by the
IMK (Institute of Meteorology and Climate research of the
University of Karlsruhe, Germany). MIPAS-B will
simultaneously measure within the range 680 to 2400 cm-1.
The combination of the TELIS and MIPAS instruments will
provide an unprecedented wealth of scientific data and will
also be used to validate other instruments and atmospheric
chemistry models. First flight is foreseen in April 2007.

TELIS CONFIGURATION

The optical front-end of TELIS consists of a pointing
telescope, calibration blackbody and relay optics, common for
the three channels: 500 GHz, 550-650 GHz and 1.8 THz [1].
The telescope is a dual offset Cassegrain antenna. Primary
parabola has an elliptical cross-section of 260x140 mm. 2:1
anamorphicity is introduced by the cylindrical tertiary mirror.
An ananiorphic design was selected to improve telescope
compactness, mass, and moment of inertia. A vertical
(elevation) resolution at the tangent point is about 2 km at
500 GHz (FWHM), inversely proportional to the frequency.
The limb scans range from upper troposphere (10 km) to
stratosphere (30-40 km). Horizontal (azimuth) resolution is
about a factor of 2 worse but not of prime importance for this
mission as the atmospheric properties within the beam depend
only on the altitude.

Calibration of the radiometric gain of the spectrometers will
be done with two blackbody reference sources at
submillimeter wavelengths: the hot-load, which is a conical
black-body at the ambient temperature, and the cold sky.

Frequency separation between the channels is performed
quasioptically, allowing simultaneous observations by all
receivers. First, one linear polarization of the incoming signal
is selected by a wire grid and is reflected into the 500 GHz
channel. The other linear polarization, which is transmitted by
the grid, is then split between two other frequency channels by
a dichroic filter. After the splitting, the three beams enter a
custom designed liquid helium cooled cryostat. A number of
off-set reflectors are used to interface the optics from the
telescope to the cryogenic channels. Fig. 1 shows schematics
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Fig. 1. Schematics of the 550-650 GHz channel optics. The telescope is
rotated around the axis coinciding with the direction of the output beam.
Wire grid polarizer and dichroic plate are used to separate this receiver from
the two other frequency channels (not shown). The cold optics and mixer
element are located inside the cryostat at the ambient temperature 4.2 K.

of the optics directly related to the 550-650 GHz channel. The
optical beams of the two other frequency channels after the
splitting as well as their dedicated optical elements are not
shown here.

Inside the cryostat the receivers have dedicated cold optics,
mixing element and IF amplifiers. Three amplified output IF
signals are connected to an IF processor which converts the IF
to the input range of the digital autocorrelator of 2 x 2 GHz
bandwidth. An on-board microcontroller controls the
instrument and interfaces with the ground station.

III. SIR DESIGN

A key element of the 550-650 GHz channel is
Superconducting Integrated Receiver (SIR) [2], which
comprises in one 4 x 4 x 0.5 mm3 chip a low-noise SIS mixer
with quasioptical antenna, superconducting Flux Flow
Oscillator (FFO) acting as Local Oscillator (LO) and S1S
Harmonic Mixer (HM) for FFO phase locking. The SIR
microcircuits arc traditionally fabricated on a Si substrate
using Nb-A10x-Nb tri-layer [3].

Performance of all-Nb devices, however, is very critical to
the ambient temperature, which should not exceed 4.5 K. This
is difficult to achieve on a balloon platform since the TELIS
liquid helium cryostat should be over-pressurized (p>1 Bar)
due to safety reasons. To overcome this problem, we have
developed and studied Nb-A1N/NbN-Nb circuits with a gap
voltage Vg up to 3.7 mV and extremely low leakage currents
(Rj/Rn > 30). Based on these junctions integrated
microcircuits comprising FFO, SIS and harmonic mixer have
been designed, fabricated and tested; the radiation from such
circuits has been measured at frequencies up to 700 GHz.
Employment of NbN electrode does not result in the
appearance of additional noise. For example, FFO linewidth
as low as 1.5 MHz was measured at 595 GHz, that allows its
to phase lock up to 85 % of the emitted by FFO power and
realize very low phase noise of about —93 dBc. It is important
to note that for Nb-A1N-NbN FFO there is a possibility to tune
permanently the FFO frequency even in the Fiske regime,
since Fiske steps are beaded and overlapping. From the other

hand, for Nb-A1N-NbN junctions there is a considerable
increase of the FFO linewidth just above of the Vg/3 (of about
600 alz) due to self-adsorption of the FFO radiation [4]
(effect of Josephson self-coupling).

The receiver chip is placed on the flat back surface of the
10 mm diameter elliptical Si lens, forming an integrated lens-
antenna. SIR feed antenna is positioned at the more distant
focus of the ellipse. To minimize the reflection loss at the
lens-air interface, the curved surface of the lens is coated with
a 74 micron thick Stycast antireflection coating, optimized for
the center frequency 600 GHz. Further shaping of the beam is
done by means of a number of curved and fold mirrors, all
located at the cold plate of the liquid helium cryostat [5].

IV. MIXER NOISE TEMPERATURE AND BEAM PATTERN

Most of the experimental results discussed here have been
obtained with the SIR device based on the Nb-A1N-NbN
technology. SIR chip is mounted in a flight configuration
mixer block surrounded by a magnetic shield. No other optical
elements of the cold channel were installed for the noise
temperature (NT) and beam pattern measurements reported in
this section. All tests were done in a liquid helium cooled
cryostat at 4.2 K ambient temperature. NT measurements are
done using Y-factor technique by chopping between hot
(295 K) and cold (80 K) loads in the signal path of the
receiver. IF response of the mixer is amplified by a cryogenic
InP based 4-8 GHz LNA amplifier followed by a 60 dB gain
GaAs RT amplifier. The signal is detected by a fast power
meter in 40 MHz bandwidth, selected by tunable YIG filter.
We have also used flight configuration of the PLL system and
could lock the FFO practically at any frequency in the 550-
650 GHz range.

Fig. 2 shows results of the NT measurements, which are not
corrected for any loss. The DSB NT below 400 K is measured
in about 100 GHz wide frequency range. Rise of the NT
around 560 GHz could be to a large extent explained by

1000
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200

450 500 550 600 650 700

Frequency, GHz

Fig. 2. Uncorrected DSB noise temperature of the SIR. Rise of the noise
temperature around 560 GHz could be to a large extent explained by
absorption in the atmosphere due to the strong and broad water line around
that frequency.
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Fig. 3. DSB noise temperature of the SIR as a function of the IF frequency.

absorption in atmosphere due to the strong and broad water
line around that frequency. Vacuum hot/cold measurements
are planned for the future to exclude this effect from the
measurement results.

Fig. 3 shows measured NT vs. IF of the receiver. One can
see that the response is fairly flat in the 5-7 Gliz frequency
range, the input bandwidth of the SIR channel backend
spectrometer. Further optimization of the coupling between
the mixer and IF board should minimize ripples in the
response which are probably due to the standing waves in the
IF circuitry.

V. INTEGRATED ANTENNA BEAM PATTERN

Far-field amplitude beam pattern of the integrated antenna
has been measured at 625 GHz in a heterodyne mode. The
submillimeter source is a harmonic multiplier [6] driven by a
microwave source. The dewar is placed on a rotation/tilt table
to allow for the angular measurements [7]. The tilt movement
is referred to as the vertical scan and the rotation as the
horizontal scan. The angle resolution of the system is 0.1°.

Fig. 4. Far-field 2D scan of the integrated lens-antenna beam patteni. The
isolines are at -5 dB, -10 dB, -15 dB, -20 dB etc.

Fig. 5. Vertical (blue curve) and horizontal (red curve) far-field scans. The fit
(black curve) is diffraction pattern calculated by PILRAP.

The integrated antenna is located at the center of rotation. The
measured beam pattern of the antenna is therefore expected to
be independent of the beam pattern of the signal source.
Nevertheless, to exclude influence of a possible beam
asymmetry in the measured results, we have rotated the source
by 180 degrees and obtained similar pattern. There are no
focusing elements between the signal source and the receiver
and the distance between them is about 70 cm. Signal source
is positioned with ±0.2 deg and ±0.2 mm accuracy relative to
the reference plane of the mixer block using He-Ne laser
alignment system. The measured beam pattern includes thus
information about boresight error of the beam.

Results of the measurements for the double dipole
antenna coupled SIR are shown in the Fig. 4 and Fig. 5. The
pattern is symmetric with the first sidelobe level of below -
17 dB. It is close to the theoretically predicted diffraction
pattern calculated by PILRAP [8] and similar to the patterns
measured with the double slot or double dipole antennas at
these frequencies. The full width half maximum (FWHM) is
3 deg.

VI. LABORATORY GAS CELL MEASUREMENTS

Gas cell measurements were done using a prototype
cryostat which accommodates complete cold channel. Only
SSB filter was not installed at this moment to allow DSB
operation of the receiver. As a back-end spectrometer we used
Digital AutoCorrelator (DAC). SIR was operated in a phase-
locked mode. Spectra are integrated from about 20 individual
calibrated spectra. DAC integration time of individual
spectrum is 1 sec. Recorded by the DAC spectrum is a
convolution product of the signal (gas emission lines) with the
FFO line spectrum. To recover the signal, we apply a simple
direct deconvolution process using the measured FFO line
shape.

Photo of the measurement setup is shown in Fig. 6.
Receiver beam is focused by an off-axis parabola. For
radiometric calibration we used room temperature (300 K) and
liquid nitrogen (77 K) cooled blackbodies (Eccosorb).
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Fig. 6. Photo of the measurement setup. Switching mirror selects between
"cold" load (receiver beam is directed downwards, as in the picture), "hot"
(beam is directed upwards), or "signal" (beam is directed towards the gas
cell).

Switching betvveen two calibration loads and a signal (gas
cell) is done by a computer controlled flat mirror. After the
gas cell the beam is reflected by a flat mirror towards another
cold (77 K) load. Gas cell windows are made from 2 mm thick
HDPE. Measurements are done in a sequence Hot-Signal-
Cold-Signal-Hot-Signal-...

For the measurements two OCS lines at
619.6213651 GHz and 631.7429035 GHz were selected.
These lines could be observed at the same time, one in the
upper and the other in the lower sideband of the receiver. The
FFO was thus tuned at 625.240 GHz. The IF frequencies of
these lines are 5618.6 MHz and 6502.9 MHz.

We have measured emission lines at different gas
pressures, ranging from 0.2 mBar to 8 mBar. Example of the
deconvolved spectrum at a gas pressure of 1.2 mBar is shown
in Fig. 7. At this pressure both lines are expected to be
saturated, pressure broadened and probably also saturation

Fig. 7. Deconvolved spectrum of the OCS emission lines at a gas pressure
1.2 mBar. LO frequency 625.24 GHz. Lines are saturated, the difference in
line strength reflects the sideband ratio of the receiver.

broadened. Modelling of these gas lines and comparison with
the measured data is in progress. One can note that the two
lines have different strength. We have measured the same
levels also at higher gas pressures, proving that the lines are
indeed in saturation. The difference in lines strengths should
thus reflect the sideband ratio of the receiver.

There are ripples in the measured baseline which we
believe have optical origin. In our lab test setup the calibration
blackbodies are made from flat Eccosorb, the cryostat and gas
cell windows have no antireflection coatings. Reflections of
the optical beam from different surfaces cause appearance of
the standing waves, which are then seen back in the measured
spectrum. It is possible to exclude them from the line
spectrums by measuring the baseline only (empty cell) and
using these data to subtract the ripples (not done in Fig. 7).
The baseline temperature is about 125 K, higher than the
background temperature 77 K (cold load behind the cell)
mainly due to the loss in the gas cell windows.
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CONDOR - AN ASTRONOMICAL HETERODYNE RECEIVER AT
1.25 - 1.5 THZ

M.C. Wiedner, G. Schmidt, S. Bedorf, F. I3ielau, U. Graf, C. E. Honingh, K. Jacobs, P.
Munoz, M. Olbrich, K. Rettenbacher, 0. Siebertz, F. Schmillling, J. Stutzki, B. Vowinkel

Universiteit zu Köln, I. Physikalisches Institut, Ziilpicher Str. 77, 50937 Köln, Germany
wiedner, gschmidt, bedorf, bielau, graf, honingh, jacobs, espacio, olbrich, rettenba, siebertz, sehmuelling,

stutzki, vowinkelOphl.uni-koeln.de

The CO N+ Deuterium Observations Receiver (CONDOR) is a heterodyne receiver that operates
between 1250 - 1530 GHz. Its primary goal is to observe star-forming regions in CO, N + , and H2D+
emission.

The instrument follows the standard heterodyne design. It uses a solid state local oscillator (LO)
fabricated by Radiometer Physics GmbH. This LO consists of a high frequency Gunn followed by a tripler
and quadrupler and produces 1370 - 1500 GHz. Alternatively. a multiplier chain from Virginia Diodes
allows us to extend the frequency range to 1250 - 1530 GHz. Since the power of the LO is only a few

W., the LO and sky signal are OVer laid with a Martin-Puplett interferometer. The heart of the receilTer
is a superconducting NbTiN hot electron bolometer (HEB) (see contribution by Munoz et al.). The
bolometer has an area of 0.25 x 2.8 m and is mounted on a SiN membrane in a waveguide mixer block.
To facilitate operation at remote sit es CONDOR is the first, receiver that cools the HEB with a closed-
cycle system. Since HEBs are particularly sensitive to temperature fluctuations as well as modulations in
LO power, we use a Pulse Tube Cooler, which has less vibration than e.g., a Gifford McMahon cooler.
In order to further minimize vibrations and temperature fluctuations, the mixer and first amplifier are
mounted on a separate plate connected via flexible heat straps to the 4 K stage. To improve the matching
at the intermediate frequency (IF) we inserted an isolator between the mixer and the cryogenic, high
electron mobility transistor (HEMT) amplifier. This reduced the receiver temperature by about 25%, but
unforturiately, also decreased the IF bandwidth from the intended 1.0 - 2.0 GHz to about 1.0 -1.8 GHz.

We consistently obtain receiver noise temperatures below 1800 K using hot (ambient temperature) and
cold (liquid nitrogen) calibration loads. However, reliable noise temperatures as low as 1400 K were seen
on dry days and with optimal tuning. Receiver temperatures are flat over the entire 800 MHz band. We
measured spectral Allan variances by computing the variance of the calibrated differences of consecutive
spectra. These variances are important for spectral line observations because they indicate baseline ripples
caused by temporal deformations of the passband. We obtain minimum Allan variances at 25 - 35 s, which
is approximately the optimum individual on-source integration time (see Schieder & Kramer 2001). As
expected, the Allan variance is dominated by the mixer and the LO and not the IF. (The minimum time
of the total power Allan variance is about lOs over a 1 MHz bandwidth. This variance is important for
continuum observations.)

In November 2005, CONDOR was successfully commissioned on the 12-in Atacama Pathfinder Ex-
periment (APEX) telescope, which is located at an elevation of 5100 in in the Atacama desert in Chile.
Pointing observations were preformed on the Moon and Mars. The first spectral line observations were
obtained of CO J=13- 12 emission at 1497 GHz from several sources in Orion. (For details on the first light
observations see Wiedner et al. (2006).)

References:
Schieder, R. Si; Kramer, C. 2001, 373, 746
Wiedner, M. C., et al. 2006, A&A submitted
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High Resolution Spectroscopy with a Quantum
Cascade Laser at 2.5 THz

Heinz-Wilhelm Hiibers, Sergey G. Pavlov, Heiko Richter, Alexei D. Semenov, Lukas Mahler,
Alessandro Tredicucci, Harvey E. Beere, David A. Ritchie

Abstract—The quantum cascade laser (QCL) is a powerful,
narrow linewidth, and continuous wave source of terahertz ra-
diation. We have characterized a 23 THz distributed feedback
QCL with respect to linevvidth and frequency tunability. Both
were found to be sufficiently good for high resolution gas phase
spectroscopy. The QCL was implemented in a spectrometer for
high resolution gas phase spectroscopy where the absolute fre-
quency of the laser was determined by mixing its radiation with
the radiation of a 2.5 THz optically pumped gas laser. The abso-
lute frequency as well as the pressure broadening of a rotational
transition of methanol at 2.519 THz was measured. The results
demonstrate that THz QCLs are well suited for either direct ab-
sorption or heterodyne high resolution spectroscopy.

Index Terms—quantum cascade laser, spectroscopy, terahertz

I. INTRODUCTION

IJ IGH resolution gas phase spectroscopy at terahertz (THz)
frequencies is a powerful tool for investigations of the

structure and energy levels of molecules and atoms. Besides
information on the species itself, important information on
Doppler and pressure broadening can be obtained from THz
spectra. These data are a prerequisite for the interpretation of
spectra obtained from astronomical sources or planetary at-
mospheres including the Earth [1]. While in the low THz re-
gion many different methods have been developed, spectros-
copy above 2 THz is hampered by the lack of frequency tun-
able, continuous wave, powerful, and narrow lincwidth radia-
tion sources. The recently developed THz quantum cascade
laser (QCL) [2] has attractive features for gas phase spectros-
copy, namely, its intrinsic linewidth of less than 20 kHz [3, 4]
and high output power [5]. The goal of the work described in
this paper is to characterize a distributed feedback (DFB) THz
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QCL with respect to linewidth and frequency tunability and to
implement it into a THz spectrometer for high resolution gas
phase absorption spectroscopy. The experiment also allows
assessing the performance of the QCL when used as local os-
cillator (LO) in a heterodyne spectrometer.

II. DESIGN OF THE QCL

A distributed feedback (DFB) QCL has been used for the ex-
periments described in this article. It is designed for an opera-
tion frequency at about 2.5 THz. The active medium of the
laser is based on a GaAsiAlGaAs superlattice. The design
follows the so-called bound-to-continuum approach [6] with
a rather uniformly chirped superlattice and no marked distinc-
tion between the injection and lasing regions. The active me-
dium is formed by 110 repeat units of the superlattice (total
thickness 15 .t.ni) covered on top by a ('r Au layer. Between
the —250 gm thick substrate and the active medium is a highly
doped GaAs layer. This layer has two doping concentrations:
2.7x I O cm-3 in the 530 am next to the superlattice and
2.6x10 17cm-3 in the 500 nin close to the substrate. By these
means the boundary conditions at the two sides of the buried
doped layer can be controlled separately. The resonator is a
mesa-etched, 240 gm -wide ridge with a length of 2.5 min de-
fined by cleaving. The top layer of the QCL is patterned into a
series of narrow slits with half-wavelength period to create the
DFB structure [7]. The laser is soldered to a copper bar, wire
bonded, and mounted on a copper holder thermally coupled to
a 4 K stage of a mechanical cryo-cooler. In order to minimize
vibrations the laser holder is mechanically isolated from the
4 K stage by copper wires. The cooler has a heat extraction
capacity of 1 W at 4 K. Since the input power of the laser is 5-
10 W the smallest achievable temperature at the position of
the QCL is —20 K during laser operation. The laser threshold
is about 80 Aticm2 at 20 K. the maximum output power is
about 6 mW, and the laser works up to 58 K in continuous
wave. Due to the limited capacity of the cryo-cooler the opera-
tion temperature changes with current.

III. FREQUENCY CHARACTERIZATION OF THE QCL

The linewidth and frequency tunability of the QCL were
measured by mixing the radiation from the DFB laser with the
radiation from an optically pumped gas laser operating on the
methanol emission line at 2.5227816 TI I, (pump line of the
CO2 laser: 9P36 [8]). The radiation frorn both lasers was su-
perimposed by a wire grid and focused onto a GaAs Schottky
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diode with a quasi-optical 4? corner cube antenna [9]. The
difference signal was amplified and analyzed with a spectrum
analyzer up to a maximum frequency of 18 GHz which was
set by the available amplifiers. By these means the linewidth
as well as the absolute frequency and the frequency tunability
of the QCL as a function of current and temperature were
measured. The experimental set-up is shown in Fig. I.

Fig. 1: Experimental set-up of the mixing experiments.

5.076 5.078 5.080 5.082 5.084 5.086 5.088 5.090
Intermediate frequency [GHz]

Fig. 2: Mixing signal of the QCL and the 2.5 THz gas laser.

The linewidth measured with an integration time of 5 s is
shown in Fig. 2. The full width at half maximum (FWHM) is
—1 MHz. With an integration time of 0.3 s it reduces to
300 kHz. This is sufficient for many applications in high reso-
lution gas phase spectroscopy. For example the Doppler lim-
ited linewidth of 12CH3

160H is 5.5 MHz at 2.5 THz and
300 K. The tuning rate is almost linear with current
(+8.0 MHz/mA, Fig. 3). The temperature related frequency
tuning varies between - 20 MHz/K and - 100 MHz/K depend-
ing on current and temperature (Fig. 4). For both lasers the
tunability is mainly caused by changes of the refractive index
with temperature and current.
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Fig. 3: Frequency of the QCL as a function of current (solid line: gas laser
frequency).
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Fig. 4: Frequency of the QCL as a function of temperature for fixed current.

The set-up of the spectrometer is sketched in Fig. 5. For
frequency tuning the temperature of the QCL is set and the
current is swept in steps corresponding to frequency steps of
0.2 MHz to 2 MHz. The radiation from the QCL is reflected
by a wire grid into a 0.5 m long absorption cell. The cell was
equipped with two polyethylene windows and the pressure
was measured with a capacitance manometer. For each meas-
urement the cell was filled with methanol gas at a certain pres-
sure and sealed off. The transmitted radiation is collimated by
an off-axis parabolic mirror and detected with a Ge:Ga photo-
conductive detector. The transmitted radiation was mechani-
cally chopped in front of the detector and detected with a
lock-in amplifier. A small part of the radiation from the QCL
is transmitted through the wire grid. This is superimposed
with the radiation from the gas laser operating on the 2.5 THz
line. At the output of the gas laser a grid with wires oriented
perpendicularly to the wires of the first grid was used to de-
fine the polarization in a way that it is reflected by the first
grid. The radiation from both lasers is focused onto a GaAs
Schottky diode. The signal at the difference frequency is am-
plified and its frequency is measured with a spectrum ana-
lyzer. This is especially important because the frequency tun-

+ 8.0 MHz/mA
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ing of the QCL is not linear with current. In total a frequency
range from 2.517 THz to 2.521 THz is available.

Fig. 5: THz spectrometer for high resolution gas phase spectroscopy.

V. RESULTS

Fig. 6 shows the absorption line measured with the QCL
along with a Voigt profile fitted to the measured profile. As
can be seen the agreement is very good. The center frequency
of the absorption line is 2.519112(1) THz. This agrees well
with published data measured with a Fourier transform spec-
trometer (2.519107(2) THz [10]). The pressure broadening of
the methanol line was determined by measuring its profile at
different pressures up to 1000 Pa and determining the full
width at half maximum (FWHM). A least squares fit to the
FWHM data yields a pressure broadening coefficient of
229(2) kHz/Pa (Fig. 7). This is similar to pressure broadening
coefficients of other methanol lines (265.6(2) kHz/Pa at
76 GHz [11] and 290 kHz/Pa at 2.524 THz [12]).
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Fig. 6: CH3OH absorption spectrum measured at 100 Pa. The solid line is a
fit of a Voigt profile to the absorption line.
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Fig. 7: FWHM of the CH3OH. rotational transition as a function of pres-
sure.

VI. SUMMARY AND CONCLUSIONS

In summary, the linewidth of a DFB QCL operating at
2,5 THz as well as its tuning rates as a function of current and
temperature have been determined. Based on these results, a
THz spectrometer for high-resolution gas phase spectroscopy
with a QCL as the radiation source has been realized. Fre-
quency calibration of the spectra was achieved by instantane-
ously measuring the frequency difference between the QCL
and a THz gas laser. We have measured the transition fre-
quency and pressure broadening of a methanol rotational tran-
sition at 2.5 THz. The comparison of our data with other spec-
troscopic data shows good agreement. The results show that
QCLs are very promising radiation sources for high resolution
absorption spectroscopy. In a heterodyne receiver the fre-
quency resolution is to a large extent determined by the
linewidth and frequency stability of the LO. Our results show
that the QCL performance is sufficient also for high resolution
heterodyne spectroscopy.
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Abstract—This work focuses on surface plasmon quantum
cascade lasers (QCL) as a local oscillators (LO) for heterodyne
receivers operating above 2 THz. The far-field beam pattern of
a 214 pm wide and 1500 / tm long 2.84 THz surface plasmon
QCL is measured and found to be less divergent compared to
metal-metal waveguide QCLs, which is preferable for coupling
the radiation to a quasi-optical mixer. We successfully used this
QCL to pump a NbN HEB mixer integrated with spiral antenna.
At optimized LO power and bias voltage we measured double
side band receiver noise temperatures of 1150 K and 1050 K at
bath temperature of 4 K and 2 K respectively. To the best of
our knowledge these represent the highest reported sensitivities
at such a high frequency.

I. INTRODUCTION

Nowadays heterodyne receivers operating up to 2 THz use a
combination of an electronically tunable solid state LO source
[1], with either a superconductor-insulator-superconductor
(SIS) [2] or a hot electron bolometer (HEB) mixer [3]. The
latter type of mixer is the detector of choice for frequencies
above 1.5 THz. Future space borne missions require an in-
crease in frequency, e.g. 2-6 THz [4]. The development of new
receivers operating at such high frequencies is limited by the
availability of suitable LO sources. Existing solid state LOs [1]
are unlikely to generate sufficient output power at such high
frequencies since the power falls off rapidly with increasing
frequency due to reduced multiplication efficiency. Optically
pumped gas lasers can operate at higher frequencies, but are

in general not suitable for space borne applications. Recently,
a new type of solid-state THz source has been developed
based on quantum cascade laser (QCL) structures [5]. This
new source holds great promise for LO applications because of
its compactness and high power efficiency. The demonstration
of a HEB-QCL receiver at 2.8 THz has recently been reported
using a HEB rnixer and a QCL as LO [61. In this case a QCL
based on a double-sided metal-metal waveguide, developed at
MIT/Sandia [7], was used. The far field bearn patterns of this
type of devices have also been measured [8] and modeled [9],
shovving that the beam is not only strongly divergent but also
presents ring-like interference features. These characteristics
are the consequence of the small lateral dimensions of the QCL
cavity (at the limit of subwavelength) and of the interference
due to the coherent emission from all the facets. Obviously,
such beam pattern prevents an efficient optical coupling of the
radiation to a mixer.

In this work we exploit a different type of QCL, which is
based on surface plasmon waveguide. Because of the different
cavity design and the geometry difference in lateral dimen-
sions, a better quality beam pattern is expected compared to
metal-metal waveguide QCLs. Here we rneasure the beam
pattern of a 2.8 THz surface plasrnon QCL and also determine
the heterodyne sensitivity obtained by using the QCL with a
HER mixer. A similar surface plasmon QCL has been used as
LO source for a 2.5 THz, HER-based heterodyne receiver [10].
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However, here we demonstrate a substantially lower receiver
noise temperature at a slightly higher frequency.

II. QCL CHARACTERIZATION

The QCL used in this work is reported in reference [11]
and is based on a bound-to-continuum active region design
and a surface plasmon waveguide. The active region consists
of 90 GaAs/A10.15 Ga0.85As repeated modules grown by MBE,
giving a total thickness of 11.64 pm. A 214 prn wide ridge
waveguide was cleaved at both ends to form a 1500 pm-long
Fabry-Perot cavity. The active layer grown on top of a semi-
isulating GaAs substrate is sandwiched between a metallic top
contact and a heavily n-doped GaAs bottom contact channel.
As a consequence, unlike metal-metal QCLs, the optical mode
is not confined within the active region, but penetrates inside
the substrate down to a depth of approximately 100 pm at
Ao=107 pm (f=2.8 THz). Fig. 1 shows a schematic drawing
of the QCL and the computed one-dimensional mode intensity
profile.

The lasing spectrum of this QCL was measured at different
bias currents using a Fourier-transform spectrometer (FTS).
As shown in Fig. 2, we observe a single longitudinal mode
at 2.835 THz (wavelength Ao=105.8 pm). The measured
linewidth of 1 GHz is limited by the resolution of the FTS [12].
The output power of this particular QCL was not measured
directly. However, based on measurements done on similar
devices, a few mW of output power is expected at around 5
K operating temperature. At maximum output power the laser
is biased at 6 V and 900 mA, which means that the QCL
dissipates a DC power of about 5.4 W in continuous wave
(CW) operation mode.

Before undertaking heterodyne measurements, we measured
the laser far-field beam pattern with the same setup used previ-
ously for the metal-metal waveguide QCLs [8]. A Schematic
of the measurement setup is shown in Fig. 3. The QCL is
Indium-bonded to a copper holder and is mounted on the cold
plate of a He-flow cryostat. The output power was measured
using a 5 mm diameter aperture pyrodetector, placed at a
distance of about 90 mm from the QCL. The laser was
operated in pulse mode and the emitted power was recorded
at different positions of the detector using a lock-in amplifier.
The measured beam pattern is shown in Fig. 4. We find that
most of the power is concentrated in the center of the beam.
Such good directionality allows for an efficient coupling to a
HEB mixer.

III. HETERODYNE RECEIVER SETUP

Figure 5 shows a schematic view of the measurement setup.
We use two cryostats, in which the QCL and the HEB are
mounted separately.

As mixer, we used a NbN HEB mixer integrated with a
spiral antenna. The NbN superconducting bridge is 2 pm wide.
0.2 pm long, and 5.5 nm thick. The normal state resistance
of the device (at room temperature) is 80 a The critical
temperature is approximately 10 K and the critical current
at 4.2 K is 180 pA. A similar HEB mixer from the same

Heavily n-doped GaAs channel: botttom contact

Fig. I. Schematic view of the QCL ridge-cavity together with the computed
mode intensity profile at )o=107 pm. The field penetration inside the substrate
is about 100 pm. We compute waveguide losses (a) of 10 cm -1 and an
overlap factor with the active region (1') of 27%.

batch has been rneasured using a gas laser as LO at 4.63 THz,
yielding an excellent receiver noise temperature of 700 K.

A large vacuum liquid helium cryostat with a high cooling
capacity was used to operate the QCL in CW mode. 'VV-hen
operating in CW mode, as the QCL heats up, the output power
drops until the temperature of the device is stabilized. Under
stable CW operation the power of QCL is about half of the
pulse mode operation. Nevertheless there is enough power to
pump the HEI3 with a thin Mylar beam splitter (3.5 pm thick).

The output power of the QCL is coupled to the HEB antenna
using a standard quasi optical technique: the Si chip with the
HEB is glued to the back of an elliptical, anti-reflection coated
Si lens. The lens is placed in a metal mixer block, thermally
anchored to the 4.2 K cold plate. The beam from the QCL
Passes through a high densify polyethylene (FIDPE) dewar-
window and is collimated with a HD PE lens. The radiation is
further guided to the HEB cryostat by a 3.5 prn thick Mylar
beam splitter. The blackbody radiation from a slab of Eccosorb
is used as a signal source defining a hot load at 295 K and a
cold load at 77 K. The signal is combined with the QCL beam
through the beam splitter. Both beams pass through the thin
HDPE window at room temperature and a metal mesh heat
filter (QMC Ltd.), mounted on the 4 K shield of the TIEB
cryostat.
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Fig. 2. Measured lasing spectrum of the QCL a different bias currents. The
device radiates in a single mode at 2.835 1 II7. Changing the bias current does
not affect the frequency.

Fig. 3. Schematic picture of the beam pattern measurement setup. The power
was measured using a 5 mm diameter aperture pyrodetector.

IV. HETERODYNE MEASUREMENT RESULTS

The key results of the heterodyne measurements are dis-
played in Figure 6. A set of current versus voltage (I-V)
curves of the HEB is shown for various levels of absorbed LO
power in the HEB, together with the receiver noise temperature
as a function of the bias voltage of the HEB mixer. The
power level, which is estimated at the HEB by the isothermal
technique [13], is varied by changing the bias current of the
QCL. The receiver noise temperature is determined from the
ratio of the IF output noise power when a hot and a cold load
are used as signal source [14]. The best sensitivity of 1150

Fig. 4. Measured far-field beam pattern of the surface plasmon QCL. The
upper panel: the profile alone the plane of the QCL, but mea.sured at an offset
of +5 degree in the 2E) plot shown in the lower panel. The lower panel: the
2D plot of he beam pattern. Due to the tilt in the Q( '1 mo(nting, the 21)
plot has a negative offset of 5 degrees in vertical direction.

K is obtained for 300 riW LO power and 0,6 mV DC bias
at a (HEB) bath temperature of 4 K. A slightly lower noise
temperature of 1050 K is obtained at the same bias voltage, but
with a reduced bath temperature of 2 K. The latter represents
the lowest receiver noise temperature ever reported in literature
and corresponds to 7.7 xhf /kB , where h is Plank's constant,
I is the radiation frequency, and kg is the Boltzman constant.
This value is also approximately 25% lower compared to what
we reported previously using a metal-metal waveguide QCL
operating at nearly the same frequency [6].

V. CONCLUSIONS

The beam pattern of QCLs is a crucial parameter for their
use as LO source. Compared to metal metal waveguide QCLs,
the surface plasmon QCL under test was characterized by a
weaker mode confinement in the direction perpendicular to the
surface and by relatively large lateral dimensions (larger or
comparable with the wavelength), yielding a much improved
beam pattern. This allows us to pump a HEB mixer to the
optimum operating point, using a very thin beam splitter (3.5
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Fig. 5. Heterodyne measurement setup

V tage (mV)

Fig. 6. Lines, left axis:Current-voltage characteristics of a spiral NbN HEB
mixer with and without radiation from the QCL (LO) at 2.83 THz as LO.
Symbols, right axis: The measured double side band (DSB) receiver noise
temperature versus the bias voltage for the optimal LO power (300 nW).

pm Mylar). This way we obtained a measured DSB receiver
noise temperature of 1050 K at a 2 K bath temperature, which
represents the best sensitivity at f-2.8 THz ever reported
in literature, uncorrected for any optical loss. This sensitiv-
ity corresponds to 7.7x1tfikE , suggesting that the receiver
noise temperature of a NbN HEB mixer may remain below
10x hfikB even when the frequency is increased beyond 2.8
THz.
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