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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, FFOs, BWO, FIR lasers, photo-mixers and now
QCLs), 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
Océanographique, 195 rue Saint-Jacques, 75005 Paris. The Institut Océanographique
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 Océanographique was dedicated to the ISSTT 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 A0 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 10" 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" 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 Ami, on Thursday May
11" at 20:00 till 23:30.




ORGANIZATION

The Observatoire de Paris, the Université Pierre et Marie Curie, Supélec and the
laboratoire AstroParticule et Cosmologie organized the 17" International Symposium
on Space Terahertz Technology, ISSTT 2006, at the Institut Océanographique, 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 Piat
Prof. Neal Erickson Dr. Anthony Kerr Prof. Antti Rdisdnen
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 Alquié Dr. Yan Delorme Prof. Alain Kreisler
Dr. Gérard Beaudin Dr. Yannick Giraud-Héraud Dr. Frangois Pajot
Dr. Annick Dégardin Dr. Bruno Guillet Dr. Michel Piat

Local organizing committee at the Observatoire de Paris:

Dr. Gérard Beaudin (chair)

Michele Ba-Trung Alain Germont Chantal Levivier
Nicole Delhaye Dr. Bruno Guillet Dr. Alain Maestrini
Dr. Yan Delorme Patrice Landry Djilali Zidani

Dr. André Deschamps Marie-Claude Lemonnier

with the help of Dr. Annick Dégardin and Prof. Alain Kreisler, Supélec.

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 + 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. Gérard Beaudin
Dr. JM 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

WEI-1 Kerr: “A Superconducting 180° IF Hybrid for balanced SIS Mixers”

WEI1-2 Tong: “Theory of Series-Connected Distributed SIS Mixers with Ultra-wide Instantaneous
Bandwidth”

WEI-3 Justen: “RF and IF couplers for a sideband separating SIS waveguide mixer for 345 GHz
focal plane array”

WE1-4 Mena: “Side-band-separating heterodyne mixer for band 9 of ALMA”

WEI1-5 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: “VO2 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
P1-15

P1-16
P1-17
P1-18
P1-19
P1-20

P1-21
P1-22
P1-23

P1-24

Scherer: “Physics of ultra-thin NbN films for phonon-cooled Hot-Electron-Bolometers”
Kreisler: “Fabrication and characterization of ultrathin PBCO/YBCO/PBCO constrictions
for further application as hot electron bolometer terahertz mixers”

de Lange: “The Band 3 and 4 Flight Model mixer units for HIFI”

Baryshev: “Design and development of a 600-720 GHz receiver for ALMA Band 9
Shitov: “Development of balanced mixers for ALMA Band-10”

Grimes: “Analysis of subharmonic SIS mixers using SuperMix”

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”

Navarrini: “Test of 1 mm Band Turnstile Junction Waveguide Orthomode Transducer”
Gulevich: “Generation of THz radiation with the use of Vortices located in Jefferson ring”
Febvre: “Ultrafast superconducting digital circuits and Interfaces for analysis and
processing of microwave electrical signals”

Boussaha: “Study of Josephson Electrodynamics in Parallel Arrays of Superconductive
Junctions for Submm-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 pm 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 Piat: “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”.

THI1-1

TH1-2
THI1-3
TH1-4

Chairpersons: Dr. Wojtek Knap & Dr. Peter Siegel

Yngvesson: “Microwave Detection and Mixing in Metallic Singe Wall Carbon Nanotubes
and Potential for a New Terahertz Detector”

Lee: “RF-to-Millimeter-wave Conductivity Spectra of Single-Walled carbon Nanotubes”
Foulon: “Terahertz non linear metamaterial”

Schicke: “Niobium SupraMEMS for Reconfigurable Millimeter Wave Filters”

10:30-12:00 Oral session n°4: ”SIS 2”.

TH2-1
TH2-2
TH2-3
TH2-4
TH2-5

TH2-6

Chairpersons: Dr. Anthony Kerr & Dr. Karl Schuster

Vassilev: “A 211-275 GHz Sideband Separating SIS Mixer for APEX”

Heyminck: “The APEX 345GHz/460GHz 7-pixel heterodyne array”

Huggard: “Focal Plane Heterodyne SIS Receiver Array with Photonic LO Injection”
Claude: “Performance of the Band 3 (84-116 GHz) receiver for ALMA”

Serizawa: “A 385-500 GHz Balanced Mixer with a Waveguide Quadrature Hybrid
Coupler”

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. André Deschamps

14:00-16:00 Oral session n°5: “HEB”.

TH3-1

TH3-2
TH3-3

TH3-4

TH3-5

TH3-6

TH3-7
TH3-8

Chairpersons: Dr. Boris Karasik & Dr. Edward Tong

Goltsman: “Spiral antenna coupled and directly coupled HEB mixers at frequencies
from 1 to 70 THz”

Skalare: “An HEB cross-bar balanced mixer at 1.5 THz”

Jacobs: “1.9 THz and 1.4 THz waveguide mixers with NbTiN HEBs on Silicon Nitride
Membranes” :

Kooi: “IF Impedance and Mixer Gain of Hot Electron Bolometers and the Perrin-Vanneste
Two Temperature Model”

Kuzmin: “Ultimate Cold-Electron Bolometer with SiN Tunnel Junction and

Andreev Contact”

Gao: “Can NbN films on 3C-SiC/Si change the IF bandwidth of hot electron
bolometer mixers ?”’

Cherednichenko: “MgB2 thin film terahertz mixers*

Merkel: “Aging of Hot Electron Bolometers”

16:30-18:00 Oral session n°6: “Sources”.

TH4-1
TH4-2

TH4-3
TH4-4

TH4-5
TH4-6

Chairpersons: Dr. Thomas Crowe & Dr. Didier Lippens

Hu: “Terahertz quantum-cascade lasers as local oscillators”

Hovenier: “Phase lock and free running linewidths of a two color THz quantum

cascade laser”

Kimberk: “A photonic Local Oscillator Module for Submillimeter Interferometry”

Eisele: “Performance Improvements in Low-Noise Oscillators and Power Combiners with
Harmonic-Mode InP Gunn Devices” )

Truscott: “Injection locked self-oscillating mixers for terahertz focal plane arrays”

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 Biasable 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-Statistical Analysis 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 Siles: “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/AllnAs and AlGaN/GaN - based
nanometric transistors”

P2-09 Chimot: “Terahertz emission and detection from ion-irradiated In0.53 Ga0.47As gated
at 1.55 pm”

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 THz
radiation in a quantum cascade laser”

P2-13 Torres: “Analysis of the stable two-mode operation of a 4-sections semiconductor laser
for THz 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”

18



P2-27 Constantin: “Terahertz frequency metrology and sensitivity issues in photomixer
spectrometer”

P2-28 Nystrdm: “A Vector Beam Measurement System for 211-275 GHz”

P2-29 Stacey: “Detection of the 205 pm [NII] Line from the Carina Nebula”

14:00-15:00 Oral session n°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. Gérard Beaudin

Dr. JM 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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17th International Symposium on Space Terahertz Technology INVITED-Klein

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 Noordwijk, 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
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Fig. 1. MARSCHALS in the nose of

Geophysica aircraft

instrument mounted

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

of MASTER, a mm-wave limb-sounder payload of x 800 mm)

ACECHEM, for sounding Os;, H,O 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 : f”%i
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.

FE T Y 32
- shafal s X2

. i T
Several hardware developments have been carried out for Wiy L™
demonstrating the antenna performance for a “MASTER”-
like instrument. The five-channel (203 — 503 GHz) quasi-  Fig. 3. Measured antenna beam-pattern at 322 GHz
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 finalised 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. 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. 5. AMSU type cross-track scanner

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)

25



17th International Symposium on Space Terahertz Technology INVITED-Klein

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 GHz 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 GHz 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.

OUTPUT
Input WR10
Backshort

MMIC cavity
Vg supply card

. Output
Backshort

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.
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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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A Superconducting 180° IF Hybrid for
Balanced SIS Mixers

A. R. Kerr, A. W. Lichtenberger, C. M. Lyons, E. F. Lauria, L. M. Ziurys and M. R. Lambeth

Abstract—A compact 180° hybrid has been developed for
use in balanced SIS mixers. The lumped-element circuit uses
superconducting Nb conductors on a 1.4 mm x 0.5 mm
quartz substrate and operates over 4-12 GHz.

Index Terms—Superconducting microwave devices,
microwave integrated circuits, hybrid junctions, lumped-
element microwave circuits, superconductor-insulator-
superconductor mixers.

I. INTRODUCTION

alanced mixers have several advantages for use in

low-noise millimeter-wave receivers: (i) Sideband
noise from the local oscillator is substantially reduced. (ii)
The LO power required by a balanced mixer is typically
17 dB less than for a similar single-ended mixer. (iv) The
dynamic range of a balanced mixer is twice that of a
similar single-ended mixer. (iii) No external LO diplexer
is required in the signal path. Balanced mixers are
therefore appropriate when the lowest system noise is
desired, particularly when LO noise is significant. For
receivers in which many mixers are driven by a common
LO, such as a focal plane array, the low LO power
requirement of balanced mixers greatly simplifies LO
generation and distribution.

The simplest balanced mixer uses a pair of single-ended
mixers with the IF outputs connected in parallel.
However, this requires the two mixers to be biased
oppositely and presents undesirable IF impedance levels
to the in-phase and out-of-phase IF components from the
individual mixers. The use of an IF hybrid, as shown in
Fig. 1, provides a desirable IF impedance environment for
the SIS mixer elements while allowing them to be biased
by a common supply. This paper describes a
superconducting 180° hybrid for 4-12 GHz, small enough
to be mounted inside a balanced mixer block. The hybrid
can be used in cryogenic balanced mixers for any RF
band.
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Fig. 1. Balanced SIS mixer with the same bias polarity on the two
component mixers.

The requirements for the IF hybrid in a balanced SIS
mixer are: (i) both even and odd mode IF signals from the
SIS mixers should see a 50-ohm load, (ii) the hybrid
should have a DC path which allows both mixers to be
biased through the hybrid by a single bias source, (iii) the
load (IF amplifier) impedance is 50 ohms; and (iv) the
hybrid should be small enough to mount inside the
balanced mixer block.

Hybrids can be made in sevaral ways. Below about
1 GHz, small transformers with three windings can be
used but at higher frequencies, transmission line circuits
based on the rat-race design (Fig. 2(a)) are used. Because
of'the quarter and three-quarter wavelength lines, these are
too large for convenient incorporation into a balanced
mixer. The size can be reduced greatly by using a
lumped-element design.

The lumped-element design of Parisi [1] is based on the
rat-race hybrid and uses lumped-element transmission
lines. The number of elements is greatly reduced by
replacing the 270° line with a 90° negative transmission
line. This is shown in Fig. 2(b), in which three arms of the
circuit are 90° LC transmission lines and the fourth
(bottom) arm is a 90° LC negative transmission line.
Another lumped-element design, the lattice hybrid [2],
uses lattice sections to emulate positive and negative
transmission line sections, and can have very wide
bandwidth, but it requires balanced sources and loads to

201

HH:

L
3 MLM 1 Mxr
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Fig. 2. (a) Rat-race hybrid. (b) The Parisi hybrid, in which the 270°
transmission line is replaced by a 90° negative transmission line .

31



17th International Symposium on Space Terahertz Technology

10
° d Out-of-ph
N ut-of-phase .
-10 \‘
m
T 20
30 . L ’ In-phase
40 5 ’
2 4 6 8 10 12 14
f GHz
(a)
10
0 e
~10 //""
28 20 - /
N\ /
-30 N /
-40 . A .
2 4 6 8 10 12 14
f GHz
(b)

Fig. 3. Characteristics of the Parisi hybrid using the original element
values. (a) Coupling to port 4 when ports 1 and 2 are excited in-phase
(dashed line) and out-of-phase (solid line). (b) Reflection coefficient at
port 2 when ports 1 and 2 are excited in-phase, out-of-phase (dashed
lines), and with port 1 not excited (solid line).

operate correctly. In the present work, a modified version
of the Parisi design is used.

II. DESIGN

Using Parisi's circuit element values, scaled to a center
frequency of 8 GHz, the circuit has the response shown in
Fig. 3. Figure 3(a) shows the coupling to port 4 when the
mixer ports 1 and 2 are excited by equal amplitude signals
out of phase (corresponding to the desired IF signal from
the balanced mixer) and in phase (corresponding to the
down-converted LO sideband noise). Figure 3(b) shows
the return loss at port 2 as seen by a test signal when port
1 is terminated in 50 ohms or excited in or out of phase
with the test signal, as occurs in an operating balanced
mixer.

It was found that the circuit element values could be
adjusted to give a better response over the desired 4-12
GHzband. Figure 4 shows the result of optimization with
the criteria S,, +S,, =0, S;,-S;, =0, S;;, <-20 dB, and
S,, <-20 dB.

The IF output impedance of an operating SIS mixer can
be much higher than 50 ohms. The characteristics of the
optimized hybrid connected to 400-ohm sources at ports
1 and 2 are shown in Fig. 5. The coupling curves are
normalized to the power that would be delivered to a 50-
ohm load by the 400-ohm sources. For port 1 and 2
source impedances greater than 400 ohms, the
characteristics change only slightly. (Note that it is not
generally desirable to impedance match the IF amplifier to
the (high) output impedance of an SIS mixer. While
matching may improve the transducer gain of the mixer
and reduce the receiver noise temperature somewhat, it is
likely to degrade the RF input match of the mixer, even to
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Fig. 4. Characteristics of the modified Parisi hybrid. (a) Coupling to
port 4 when ports 1 and 2 are excited in-phase (solid line) and out-of-
phase (dashed line). (b) Reflection coefficient at port 2 when ports 1 and
2 are excited in-phase and out-of-phase (dashed lines) and when port 1
is not excited (solid line). (Source impedances 50 ohms.)

the point of causing reflection gain, and reduces the
dynamic range of the mixer.)

The hybrid was fabricated on a fused quartz substrate
using niobium conductors. Inductors were planar spirals,
and parallel plate capacitors had a SiO, dielectric. The
layout of the chip is shown in Fig. 6. Parasitic reactances
are notnegligible and are included in the equivalent circuit
of Fig. 7. The parallel capacitance of the inductors and the

Out-of-phase

dB

Fig. 5. Characteristics of the modified Parisi hybrid with 400-Q sources
at ports 1 and 2. (a) Coupling to port 4 when ports 1 and 2 are excited in-
phase (solid line) and out-of-phase (dashed line). (b) Reflection
coefficient at port 2 when ports 1 and 2 are excited in-phase and out-of-
phase (dashed lines), and when port 1 is not excited (solid line).
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Fig. 6. Layout of the hybrid on a quartz chip. Dimensions: 1.42 mm
x 0.51 mm.

Fig. 7. Equivalent circuit of the Parisi hybrid on a chip as shown in
Fig. 6, including parasitic elements.

series inductance of the capacitor leads are included, and
long conductors are represented as transmission lines.
Inductors for the initial chip layout were designed to the
values of the re-optimized Parisi circuit using Sonnet em
[3], and capacitor dimensions were calculated using the
simple parallel plate formula. The layout was then
simulated using Sonnet, and the circuit simulator
MMICAD [4] was used to find the values of the parasitic
inductances and transmission line parameters by fitting the
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Fig. 8. (a) Sonnet simulation of the layout in Fig. 6. (b) MMICAD
simulation of the circuit in Fig. 7. Showing the coupling to port 4 when
ports 1 and 2 are excited in-phase and out-of-phase. All ports terminated
in 50 ohms.
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circuit response to the Sonnet simulation. Once the
parasitic element values had been found in this way, a
final optimization of the main elements, L,, L,, C,, C,, was
done using MMICAD. Figure 8 shows the final Sonnet
and MMICAD results.

III. FABRICATION

The hybrids are fabricated on a 250-um fused quartz
substrate in three layers: a lower conductor, an SiOy
insulating layer, and an upper Nb "wiring" layer. The
lower conductor is sputter-deposited as a Nb/Ti/Nb
sandwich (75/15/75 nm) with a protective overlayer of
CrAu (30 nm). It is then patterned through a photoresist
mask using a wet etch for the CrAu and reactive ion
etching the Nb/Ti/Nb layer. Photoresist is then applied to
mask the CrAu areas over which a dielectric layer is not
desired, and 285 nm SiOy is sputter deposited and
patterned by liftoff. The upper Nb layer is sputter
deposited over the entire wafer, followed by gold. The
gold forms contacts to diagnostic capacitors elsewhere on
the wafer but is removed from the area of the hybrid. The
upper Nb is patterned by photolithography with RIE. In
this RIE, the CrAu contact pads of the hybrid are revealed.
During this etch, the thin Ti in the lower conductor
prevents complete removal on the Nb around the perimeter
of CrAu features neither edge-sealed by SiOy nor fully
covered by the upper Nb.

IV. MEASUREMENTS

The hybrids were tested in the four-port 50-ohm fixture
shown in Fig 9. Measurements were made with two ports

Fig. 9. (a) The four-port test fixture. (b) The hybrid chip in the test
fixture showing wire bonds to the four microstrip lines and to ground.
(¢) The test fixture connected to four stainless-steel cables for immersion
into a liquid helium storage dewar.
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Fig. 10. Measured characteristics of the hybrid. Coupling to port4 when
ports 1 and 2 are excited in-phase and out-of-phase.

of the hybrid connected to the VNA and the other two
ports terminated in 50-ohm loads. This two-port
measurement was repeated six times until all combinations
of ports had been measured — hence, all S-parameters of
the hybrid.

As VNA calibration at the ends of cables in a liquid
helium dewar is impractical, calibration was done at the
room-temperature interface. The cables and test fixture
were then measured, with the hybrid chip disconnected,
while dipped in liquid helium, and an equivalent circuit
derived for each cable connected to the test fixture. The
S-parameters of the hybrid were then able to be de-
embedded from measurements at the room temperature
ends of the cables.

Figure 10 shows the coupling to port 4 when ports 1 and
2 are excited in-phase and out-of-phase, computed from
the de-embedded S-parameter measurememts (all ports
terminated in 50 ohms).

Fig. 11. Reflection coefficient at ports 1 (wide line) and 2 (narrow line)
over 4-12 GHz. (a) Sonnet simulation. (b) Measured.
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Fig. 12. Reflection coefficient at ports 1 (wide line) and 2 (narrow line)
over 2-14 GHz. Sonnet simulation.

Figure 11 shows the reflection coefficient seen by each
mixer connected to the hybrid.

V. DISCUSSION

The superconducting hybrid is seen to operate as
designed over the 4-12 GHz band. It meets the criteria
given in the introduction for use in a balanced SIS mixer.
The even-mode rejection at port 4 is greater than 16 dB,
which is sufficient to suppress LO sideband noise
effectively in a balanced mixer. The two unit mixers can
be biased in parallel from port 4 (the [F amplifier port) as
long as a blocking capacitor is added in series with the 50-
ohm termination on port 3. Operation of the hybrid with
mixers whose IF output impedance is much larger than 50
ohms is similar to that with 50-ohm mixers. The load
impedance seen by mixers connected to the hybrid is near
50 ohms within the 4-12 GHz band and is well behaved
out of band as indicated in Fig. 12 (which is from the
Sonnet simulation).

It is of interest to note that if the superconducting
niobium is replaced with 300 nm gold conductors, for
operation at room temperature, the loss of the hybrid
increases by > 5 dB.
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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 (ABCD)
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
GHz. This agrees with our laboratory measurements in which
good Y-factors are measured up to IF in excess of 20 GHz.

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.
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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 pm x
0.85 pum junctions having a critical current density of around
13 kA/cm?.

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).

Micro-  Micro-

E E strip strip
o O L Line Line

J4

Fig. 2 Simplified schematic diagram of the SIS 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 scen 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 wroCR 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.
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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
ncighboring 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 thc 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

WE1-2

the normalized LO voltage across the last junction of the
array, ¢, =eV, /hv,,, 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 phasc
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
v= (Vl Vo Vg )T and I = (il iy 1, )T 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:

I/in A B Vam‘
- |= | = )
C D

L
where A, B, C and D are 3 x 3 matrices. For a passive section
of the mixer, the clements 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 T; for i = 1, 0 and -1. Thus, in equation
(1),forX=A4,B, Cor D:

out

X, 0 0
X=10 X, O @)
0 0 X,
4, B
and T, = 3)
C, D,

It should be noted that all LSB entries arc 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 casc of the
series-connected mixer element, the expanded transmission
matrix that describes it would be

V) (1 (Y+Y,) ™) (Vo
L) \o I Lo
4

where I is the identity matrix, O is the null matrix and Y; is
the diagonal matrix that gives the susceptance due to the
junction’s geometrical capacitance at the three sideband
frequencies. Y.(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
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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 Fio/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 integratc passive transmission
line elements with mixing elements. This is a very powerful
tool for the simulation of the series-connccted distributed
mixer. The formalism can easily be generalized to simulate 5-
port mixers in which harmonic effects are important. In that
case, the entries to the expanded transmission matrix would be
5 x S matrices.

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

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

out

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:

-1
Yﬁ Dfmal : Bﬁnal (5)
By adding the appropriatc embedding admittances to Yiyg,

the conversion loss of the mixer and the port impedances can
be solved.

nal —

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 cach 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 onc
junction at a time.

Referring to Fig. 4, we assume that a noisc current source,
<Inj>, is put across the junctionj (j =1, 2, 3 or 4). Notc 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 <Im>, 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 thc noise voltage induced across the cmbedding
impedance, <Vne> to <In;>:

<Vne,>= 2Zm -<In; > 6)

WE1-2
<Inj>
Ll
Ii.n Iu\lt
—
Ze Front - [Yc# End
Section | |F Vout | | 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 [Y /] in parallel to its conversion matrix [Y c].

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 11 |
_<_Vﬂ_i =Z Z Z (an )o.k (znl')o,k' (Hj)k.k' )
j=l k=-1k'=1

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

2
kpTsss =Lgsy Re(Y (@) < Vy > ®)

Where kg is the Boltzmann constant and Y,(w,) 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.

V1. 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 rcaches 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 GHz 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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Fig. 5 Single-side-band Conversion Gain of the SIS mixer as a function of

LO frequency. The IF is at 5 GHz. We also assume that a4 = 1.1 and the bias
voltage to be 0.75 Vgap.
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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 sce that for a
mixer with a low leakage current, the mixer noise temperature
stays below the quantum limit ( v/ ~ 18 K at 370 GHz). The
results of simulation agree with noise temperature measured in
the lab. Preliminary measurcments 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.

VIL

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 responsc over a 25%
bandwidth, and at the same time offering an exceptionally
wide instantaneous bandwidth of up to 40 GHz. The intrinsic

CONCLUSION

WE1-2

noise temperature of this class of mixer lies also below the
quantum limit.

20 T T ' ' ! T

DSB Mixer Noise Temp. (K)

0 3 10 15 20 23 30 35 40

Intermediate Frequency (GHz)

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

M. Justen, T. Tils, P. Piitz', A. Murk?, C.E. Honingh, K. Jacobs

Kolner Observatorium fiir Sub-Millimeter Astronomie, KOSMA
1. Physikalisches Institut der Universitit zu Kéln,
Ziilpicher Strafie 77, 50937 Koln, Germany

! Presently with Steward Observatory, University of Arizona, USA
? Institute of Applied Physics, University of Bern, Switzerland

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 90° -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. One half of a 345GH:z
Two RT/duroid6002 substrates separated by waveguide coupler in milled in brass.
12um Mylar foil. Coupling slit width: 109um.

Structure size: 77.6 x 14.6 mm®
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Side-band-separating heterodyne mixer for band 9
of ALMA.

F. P. Mena*, A. M. Baryshev*, J. Kooif, G. Gerlofsma*, C. F. J. Lodewijk?, R. Hesper*, and W. Wild*
*Space Research Organization of The Netherlands and Kapteyn Institute, University of Groningen,
Landleven 12, 9747 AD Groningen, The Netherlands
tCalifornia Institute of Technology,

MS 320-47 Pasadena, California 91125, USA
iKavli Institute of Nanoscience, Delft University of Technology,

Lorentzweg 1, 2628 CJ Delft, The Netherlands

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 ym with tolerances of ~ 2 ym.
Finally, we will present the performance of the SIS junctions that
will be used in the 2SB 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.[l] 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. 1b. 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. (¢) 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/AV/AIOx/NbD 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 SiO2. 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
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Fig. 5. TV curves of 12 different junctions intended to be used in the 2SB
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
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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 spectrométer particularly for the studies of the HoD™ 1¢; - Ogo
line around 1370 GHz.

In the mixer we use two Nb/AIN/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.

08

Coupling
<)
o

o
'S

0 200 400 600 800 1000 1200 1400 1600 1800
Frequency (GHz)

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— VO, materials hold very high potential to be used
as room temperature bolometer. A brief review on room
temperature bolometers and VO, characteristics is presented.
The hysteretic metal-insulator transition behavior of a VO,
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 (L?P) hysteresis theory is modified to represent the
VO, 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

ODAY THz detectors are exclusively based on

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 T, (YBaCuO) have been reported.
Being used in military applications in the Near Infrared and
having a very good potential as direct-detection detector, the
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use of vanadium oxides (VOy) for room temperature THz
detection is still virtually unexplored.

Vanadium oxide materials exhibit so-called Magnéli
phase transition (i.e. between a metallic and semiconducting
state) typically located at 68 °C, for the case of VO.,.
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 VO, and V;0,.

II. ROOM TEMPERATURE BOLOMETERS

A. A briefreview

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 was observed
on the amorphous YBaCuO thin film deposited on MgO/Si
without a SiO2 layer. YBaCuO bolometers have a
responsivity as high as 3.8x10° V/W and a detectivity as
high as 1.6x10° cm Hz"%W for 1 pA 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 V/W at a bias of 6.4 mA, and
electrical noise equivalent powers (NEP) of as low as 1.1 x
10" WAHz at 1 kHz. Metal bolometers at room
temperature made of Pt, Au, Bi, and Ni have also been
investigated [3].

B. VO, 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. VO, thin film bolometers
have been investigated and characterized by few other
research groups [5, 6]. V,05/V/V,0s 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 /1.8 optics
[8]. A 16 x 16 array has been reported having responsivity
of 1200 V/W, a detectivity of 2.2x10 cmHz"*/W and NETD
of 200 mK at 0.5 Hz frame rate [9].
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I1I. VANADIUM OXIDE

A. VO, characteristics

Several oxides of vanadium, such as VO, V,0;, VO,,
V;0s, V4013, and V,0s, undergo a transition from a metal to
a semiconductor or insulator phase at a critical temperature.
VO, 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 VO, 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 VO, film resistance
was also investigated [12]. 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 VO, 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
VO, 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. VO CHARACTERIZATION

A. Hysteresis modeling

The magnetic limiting loop proximity (L?P) hysteresis
theory is modified to represent (1) the major hysteresis
loops [25] where Ms is the saturation value, He is coercivity
field, Ay is a material dependent constant and J is a sign
operator.

M(H):zMsarctangl—fﬁ 1)
T

o

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

H,P(x)-6 Hc+H
hy

2
M(H)=— Msarctan )
T
H -H,
X=—— 3
H o
Where, H,, is the proximity field at reversal point H,, and
P(x) is the proximity function. P(x) = I-sinix for 2éx < &
and P(x) = 0 otherwise. Here ¢ and k, are material
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dependent constants.

The temperature dependent resistivity of VO,
bolometer can be represented as (4) where Rs is the
saturation value of R(7) at high temperature end, y and y are
dependent on the saturation value of R(7) at low
temperature end and on R-T slope, v(7) incorporates the
hysteresis loop, w is the hysteresis width, f, represents the
slope of o(T), Tc is the critical temperature and & =
sign(dl/df). fg = fg+ for 0 = 1 and fz = f. for 6 = -1.
Typically B, = f,. for VO, materials but the values are
different . for doped VO, for instance, as S, becomes
dependent on ¢ and T [13].

4
R(T)=Rs+ S 4
) xex"[ﬂm}v( ) @
U(T)=0.5]1+tanh 3, ¥ | )
;/=512”-+Tc—T ©)

Fig. 1 demonstrates v(T) and R(T) for Tc= 68 °C, f, = fo. =
Be=02, w=6.5°C, y = 20 and y=2500 and Rs = 120.

1

- 85 90

Fig. 1. (a) »(T) and (b) R(T) 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 T, is the proximity temperature at
reversal temperature point 7,. It should be noticed that for
the case of major loop, 7,,, = w at any reversal point.



17th International Symposium on Space Terahertz Technology

y=5%+Tc—T+Tp, P(x) )
x= u . @®)
T,
1
T, =y,———arctan(Zv, —1) ©)
B,

P(x)=0.5(1-sin&) [1+ tanh (7 —27x)|  (10)
Here, y, = y(T,) and v, = v(T,) as in (6) and (5)
consecutively. 7, and y, are changed only at the reversal
point 7, and remain unchanged until the next reversal point.
Is should be mentioned that for calculating v, at 7,, T, takes
the value of 7, (7, — J 4T), which is basically the value of
T,, before the reversal point. Fig.2 (a-d) demonstrates the
o(T) and R(T) loops where the 7,; =72 °C and 7,,=62 °C.

1

0.9r

L L
D'%O 55 60 85 70 75

@
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Fig. 2. (a) v(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°Cand 7,; =72 °C and 7,,=62 °C (c) shows the variation of T with time and
the corresponding change of R(7) is presented in (d).

For smaller change in temperature, 7,; =72 °C and 7,,=67
°C and the corresponding v(7) and R(T) loops are presented
in Fig. 3(a-d)
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Fig. 3. (a) v(T) and (b) R(T) major and minor loops for Tc= 68 °C, w=6.5
°Cand 7,; =72 “Cand 7,,=67 °C (c) shows the variation of T with time and
the corresponding change of R(7) 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 VOy.

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_=0.5w,[l - tanh (B,_(Tc - T))|+w, an

Here w;and w, depend on the limiting values of w.. Fig. 4
shows the v(7) and R(7) major loops for nonsymmetrical
case.

@ ()

Fig. 4. (a) v(T) and (b) R(T) major loops for nonsymmetrical hysteresis
case.

D. Responsivity

The voltage responsivity (R,) is expressed in (12) where
Gy is thermal conductance, Vp is bias voltage, # is
absorbance and z, is thermal time constant. R,ris 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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V,R
R = nvehy : 12)
G+ @afz,)
Ryr = Rpoar — Ry (13)
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Fig. 5. Ry 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

VO, materials are extremely promising for room
temperature THz applications. Higher TCR can be achieved
by high quality VO, 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 VO, bolometer in the hysteretic region at
suitable operating point to attain high TCR. Considering the
thermal conductance (G,) and thermal time constant (ty,),
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.Rauly?, O.Guillaudin®, F.X.Désert’, A.Benoit', T.Durand'

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 HFSS™ software. The microwave
circuit is then optimized by simulation with the Advanced
Design System (ADS™) from Agilent.

I. INTRODUCTION

ULLY sampled arrays of bolometers at very low

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
[4]. 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 HFSS™). The impedance and the
far field radiation pattern of this antenna will be presented
for a single element. The properties are slightly different for
aregular 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 lum
silicon nitride.  In order to avoid some power loss due to
surface waves in the substrates, we have to use a substrate
thinner than A/g"? for the shortest wavelength. The high
dielectric constant of the silion substrates (e=11.9) requires
to use a thickness less than 80 pum.

Micromachining 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

(Fig.4).

We
Parameter Dimension -
W 0,58 mm L
L 0,58 mm
WT 2 ym
Etched cavity 0,34 mm <

Fig.2. Optimized antenna dimensions.

Bow Tie Antenna impedance
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Fig. 3. Antena complex impedance.
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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
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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 Q 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 S11 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 ( >50Q ) 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.8.
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 um 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 um thick SiO, layer. Practical realization
could be easily done, namely for the transition CPS-BCL,
with two level of metalization separated by a 0.2 um SiO,
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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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 pm x 1pm 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 =
1.5x10™* W/Hz'*. 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 L.
Svechnikov, Yury B. Vakhtomin, Sergey V. Antipov, Boris M. Voronov, Natalia S. Kaurova, and
Gregory N. Gol'tsman

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
GHz and 850 GHz. The uncorrected lowest receiver noise
temperatures measured are 800 K at 500 GHz without
anti-reflection coating, and 1000 K @ 850 GHz with a 50 pm
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 while 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.

1. INTRODUCTION

In 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 (84v/k) [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
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Contract No. KJCX2-SW-T2, and the RFBR under Contract No.
04-02-39016.
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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 GHz 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. 1. The ultra-thin (3.5 nm)
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.

g \ON microbridge

Fig. 1 Photograph of the measured 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-um thick Mylar film [4]
was employed to couple the RF and LO signals into the
vacuum window (15-uwm 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/pW.

Chopper 36um Mylar 4 K Crvostat
\ Vacaum Window
\ N HEB
\ 1SumMylar N | IRFer VP
Beamsplitter,® \ | ZitexAlSS__/
/ L[V B o
f HAl— —

=

4K Shield’

082GH
HEMTLNA

1 DC Bias Suppiy

Fig. 2 Schematic of the receiver noise temperature measurement setup.
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I1I. MEASUREMENT RESULTS

A. Receiver noise temperature measurement at S00 and
850 GHz

We measured the receiver DSB 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 Vi =1mV, Iy, =34uA.

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 ( €y, = JEs: ) was chosen as 50 pm at 850 GHz.

Fig. 4 shows the receiver noise temperature for different LO
pumping levels and dc biases at 850 GHz. The lowest receiver
noise temperature was measured 1000 K @ 850 GHz. The
receiver noise temperature is reduced by 30% compared that
without anti-reflection coating.
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Fig. 3 Receiver noise temperature measured is 800 K at 500 GHz without an
anti-reflection coating.
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Fig. 4 Receiver noise temperature was measured for different LO pumping

levels and dc biases at 850 GHz with a 50-um 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 wm, length of 0.2 um, 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]

4703

2
1.(T)=1,(0)* 1-(%] * 1_(l] (1)

Its validity has been successfully checked. Fig. 6 exhibits
the receiver noise temperature and mixer critical current
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

200 —r—r . .

or ——1=1550A, T =900K @ 500GHz
F = 140uA. T =1000K @ 500GHz
< - = - I=109A, T =1800K @ 500GHz
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Fig. 5 TV curves and measured receiver noise temperature for different critical
currents at 500 GHz without an anti-reflection coating.
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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=2.4
wm, length=0.2 um, T=9.4 K. circle symbol is obtained from equation (1).
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beyond 5.6 K, the receiver noise temperature deteriorates
sharply. We also measured another HEB device, which shows
similar variation rule. The lowest HEB 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 HEB 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 R}OOK. 500 days/ Rg()()[(. 10 days) changes mainly
from 1 to 1.2, and critical current fluctuates slightly around 0.7
(defined by L, 500 days / Ic, 10 days) for most HEB 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.

*
£ o8| \ ]
£ ' *
g . = S SR
o £ ~ ~
e ~
T S06[ E 3 N -
2 s *
B~ k
o:
S S04t -
s Z
e ¢ |
S -
3 \
§ 02} A
~4- Box 2#, device volume 2 4um(width)*0.2um(length), T =87-9.6K \
L
*  Box 14, device volume: | 8um(width*. 1 Sum(length), T =8 8~9 3K
0.0 L . L h
0.9 1.0 11 1.2 13 14
Variation of Room Temperature Resistance
R0k 500 days / R300k. 10 days

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-um
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

JR. Gao, M. Hajenius, Z.Q. Yang, T.M. Klapwijk, W. Miao, S. C. Shi,
B. Voronov, and G. Gol’tsman

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 pmx0.2 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

piral antennas are extremely useful for laboratory tests

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 T, 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 :[TRF+TM"‘SSB+ 7 m
TR TR

where Tgr and Ggr are the equivalent noise temperature and
gain of the RF optics, respectively. Twvixsss and Guixssp the
SSB mixer noise temperature and gain, and Ty 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 Gy
or Ggg. Furthermore, if the DC resistance of the HEB at the
operating point is different from the input impedance (50 Q)
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 RF impedance matching.
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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
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

a

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. 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 um and a length of 0.2 pm. The ratio of length

and width, together with the sheet resistance of the film,

defines the normal state DC resistance, which is 96 Q (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
um and a length of 0.2 pm, giving a low temperature normal state
resistance of 96 Q. 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
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on a Si substrate of 10 um at frequencies around 1.6 THz.
Although in this calculation we used a thickness of 10 um,
this result should be valid for the actual device. We find
88.6 Q 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.
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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 pm
and a length of 0.2 pm, which results in a normal state DC
resistance of 130 Q 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 0.30%, with 2,
(=187.5 um) the free space wavelength. The slot separation
S is 0.17X, 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 ym and a gap of 1.4 pm,
yielding a characteristic impedance of 51 Q [9]. The RF
filter structure consists of three sections each consisting of
one high-(70 Q) 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 Q.
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
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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 HEB 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

Eccosorb
295K/ 77K
Amplifier . 3.5 um Mylar
(295 K) Heat Filter Beam splitter

80 MHz Filter
@ 1.4 GHz

Power
Meter

FIG 4. Heterodyne test setup used for the measurements in figure S.
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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 um in width and 0.2 pum in
length, resulting in a normal state DC resistance of 130 Q 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 T, 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 T, 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 T, 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 T, at 2.4 K after comparing the mixer gains
and output noises at two different temperatures. In this case,
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FIG.S. 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 Ty (Symbols, right axis) versus
the bias voltage for the optimal LO power at the HEB. (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.
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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 Trec
(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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Patrick Piitz'>, Christopher Groppi', and Christopher Walker'
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SKOSMA, 1. Physikalisches Institut der Universitdt zu Kéln, Ziilpicher Str. 77, 50937 Koln, Germany

We are characterizing the performance of diffusion-cooled hot-electron bolometers
(HEBs) 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/Al 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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Gain bandwidth of NbN Heterodyne Hot Electron
Bolometer Superconducting Mixers made on thin
S105/573 N, membrane

Vladimir Drakinskiy
Dept of Microtechnology and Nanoscience,
Microwave Electronics Laboratory,
Chalmers University of Technology,
SE-412 96 Gothenburg, Sweden
Email: vladimir.drakinskiy @mc2.chalmers.se

Abstract— We present results of the gain bandwidth investi-
gation of NbN HEB mixers made on 1.4 ym thick Si02/Si3 Ny
stress-less membrane, and bulk-Si/Si02/Si3 N4, 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 3.5 GHz. The final objective
of this work is to process membrane based NbN HEB mixers for
a 4x4 pixel heterodyne camera for 2.5 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 | 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, M gO). 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

Jean Baubert
LERMA - Paris Observatory,
77, Avenue Denfert-Rochereau,
75014, Paris, France

Sergey Cherednichenko
Dept of Microtechnology and Nanoscience,
Microwave Electronics Laboratory,
Chalmers University of Technology,
SE-412 96 Gothenburg, Sweden

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, €,. For example.
for a slot antenna the slot length is about 0.5 ). (effective
wavelength), where A.= ~£‘—e°f— The effective dielectric con-
stant, €5y, on the dielectric/vacuum interface for the static

case is ""2+ L ¢, of the freestanding Si09/Si3 Ny 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 e, for bulk-S% 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 nm thick
NbN film [13].

In this paper we investigate the gain bandwidth of NbN
mixer on freestanding Si02/SizNy stress-less membrane.
Si02/Si3Ny is either a 1.4 pm 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/Si05/Si3 Ny substrate. The superconducting tran-
sition temperature and the room temperature sheet resistance
of the film are 8.3 K and 660-700 ()/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 SiO,, 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 pm wide and 0.4 pm long. To make membrane we
have removed SizNy, SiOy layers and Si from the back
side until reaching the SiOy 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 muitiplexed system
where isotropic etching is altered with a polymer depositing
step, passivation. The passivation is performed with CyFy
plasma which deposits a Teflon like film on the wafer surface
and trench wall. The following etching with SFy 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
Vacuum ‘
cryostat |

Local
_ Oscllator

Mixer b\ock\

1 20um 1
Poly

X

Silens  Signal Teflon
source lenses

[spectrum l
analyzer

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 pum 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(frr) follows the intermediate frequency

P1-07

firp as:
G(0)
G(frFr) = ——5 Q)]
( L+ ()2
where fgqin is the 3dB cut-off frequency:
. 1
fgain = 277'7—m7ﬁ:1; (2)

Tmiz 1S the mixer time constant, which differ from the
electron cooling time 7y due to presence of the bias current:

Tnuz - 1 _ A (3)
where A is electro-thermal feedback and equals:
Ry — Ry
A=Cy =22 4
d ORL +RO “)

where I is the bias current, R is the bolometer resistance at
the operating point, Ry, is the IF load resistance. 7,,;, can be
longer or shorter of the 79 depending on the impedance of the
mixers in that point.

Cyc is the dc responsivity of the HEB and is defined as:

OR _OR09 _OR 1 _OR7p
AP~ 00 OP 90 Gy 90 c.V

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

We investigated devices made on Si0,/Si3 Ny stress-less
membrane, bulk-Si/Si0,/Si3 N4 and bare-Si.

Gain bandwidth of 3.5 nm 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 fro, fs < 2A/M, (2A is the energy
gap, h 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 HEB’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 Si04/Si3 Ny and bulk-5i/S5i02/Si3 Ny was lower than on
bare-S% and the critical current in the cryostat was nearly half
of the value in LHe. The mixer effective volume and %—{;
are not known exactly. Therefore, all mixers were measured
at several bias points and %—g and the mixer volume were
adjusted so the electron temperature relaxation time 74 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

C{l(: =

&)
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TABLE I
THE PARAMETERS OF THE MEASURED DEVICES. FOR ALL DEVICES THE WIDTH WAS A=3.5 uM, LENGTH B=0.4 pM, FILM THICKNESS D=3.5 nM.

Device Id. S001-16 | S001-17 S001-4 S08-n

Resistance R () 210 217 212 111

Critical current at 4.2K/and in the cryostat | Ic (uA) 105/55 115/49 100/52 380/320

Critical temperature Te (K) 7.2 7.5 7.2 83

Substrate S102/Si3Ny bulk-Si/Si02/S5i3 Ny | bare-Si

Thickness of the substrate D (um) 1.4 400+1.4 350
TABLE IT

I8
SUMMARY OF THE MEASUREMENTS RESULTS FOR ALL DEVICES. DC RESISTANCE IN THE OPERATION POINT Ro:%‘-, TEMPERATURE DERIVATIVE OF

IR

THE RESISTANCE B0 AREUSED TO CALCULATE THE ELECTRO THERMAL FEEDBACK COEFFICIENT A. Tiz=

;J— IS THE MIXER TIME CONSTANT
27 fgain

OBTAINED FROM THE 3dB GAIN BANDWIDTH fgain. Ty IS THE ELECTRON RELAXATION TIME OBTAINED AFTER CALIBRATION OF Tpniz FOR THE
ELECTRO THERMAL FEEDBACK. THE MIXER EFFECTIVE VOLUME IS 2.3 % 1073 pim3,

2% " Ohm/K

Al

Device Id. | Bias point fgain,GHz | Rp, Ohm 50 Tmizs PS | To, PS

S001-16 1) 0.5mV, 24uA 092 20.8 200 0.31 173 119
2) 0.5mV, 27uA 0.73 18.5 200 0.44 218 123

S001-17 3) 0.8mV, 28uA 0.95 28.6 200 0.25 168 126

S001-4 1) 0.5mV, 15uA 0.85 33 200 0.06 187 176
2) 0.5mV, 19uA 0.73 26.3 200 0.15 218 186
3) 0.5mV, 22uA 0.66 22.7 200 0.24 241 184
4) 0.5mV, 25uA 0.57 20 200 0.35 279 182

S08-n 1) L.ImV, 26uA 49 423 200 0.05 32 31
2) 1.1mV, 41uA 37 27 200 0312 | 43 23
3) 1.45mV, 30uA | 5.27 48 200 0.014 | 30 30

~ Rr—
T T

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

The measured G(frp) curve was approximated with a
single polynomial curve (1) and fgqi, 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 7p was calculated. Comparing 7 of
HEB on different substrates we analyze the effect of the
membrane on the electron cooling rate.

The 79 o (Te—ph, % Tesc), Where T,_pp, (the electron-
phonon interaction time), C, and C), (electron and phonon
specific heat, respectively) are temperature dependent. Hot
electrons, characterized by an electron temperature 6, close
to T, are cooled by scattering with phonons and subsequent
phonon transfer into the substrate. In thin NbN films the
electron-phonon interaction time 7., has been investigated
in [16], [8]:

Te—ph = %[Ps] (6)

The 7._py, is about 21 ps at 7.2 K and 17 ps at 8.3 K.
It shows that g—,: and 7.5, make the capital contribution into
Tg. Phonon escape time (7es.) 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, o, [8]. [17]:

4d

au

Tese =

)

where w« is the sound velocity in the film.

For NbN films on silicon and sapphire substrates Tege =7d
(ps) [12], where d is in nm, on bulk MgO substrates Tes.
=5d (ps) [18], and on crystal quartz (Si03) Tes. =10d (ps)
[19]. For the NbN on Si0,/Si3 Ny membrane and on bulk-
Si/Si02/Si3 Ny 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, ¢, can make
the difference of 7. 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, MgO on one side and specially Siz Ny 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 MgO have better surface
quality comparing to SiOy and Si3Ny that also confirmed by
superconductor transition temperature for the ultrathin NbN
films, which is lower for SiO; and Si3N, than on other
substrates.

IV. CONCLUSION

We have measured different devices made on bare-S%,
1.4 pm thick Si02/Si3Ny stress-less membrane and bulk-
Si/Si02/Si3N,. 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: T, of NbN
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Fig. 2. IF bandwidth measurements of HEBs based on Si02/Si3 Ny stress-
less membrane.
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Fig. 3. The IF bandwidth measurements of bulk-Si/Si02/Si3 N4 based
HEB mixer (S001-4).

film on Si0,/Si3 N, and bulk-Si/Si02/Si3 Ny is lower. Other
reason is: roughness of NbN film on S¢02/Si3 Ny is higher as
compared with NbN on bare-S4 [20] that increases the phonon
escape time. Moreover, the gain bandwidth does not depend on
whether S7 is etched from under Si02/Si3 Ny membrane or
not, i.e. it is determined by the processes on the SigNy/NON
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 Si3N, increases T, 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 SOI substrates.
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Fig. 4. IF bandwidth measurcments of bare-St¢ based HEB mixer (S08-n).
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16 Pixel HEB Heterodyne Receiver for 2.5 THz

S.Cherednichenko**, V.Drakinskiy *, J .Baubert®, B.Lecomte®, F.Daup]ayb, J .-M.Kriegb, Y.Delorme®,
A Feret®, H.-W.Hiibers®, A.D.Semenov®, 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 HEB mixers are integrated into double dipole
antennas on 1.5um thick Si;Ny/ SiO, 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, HHT, KOSMA) are now equipped with array
heterodyne receivers. Two observatories which allow for
observations above | 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 (Universitit K6ln) 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 14-1.9THz 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
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power requirements allow for use multiplier chains which
produce >10 pW power up to 1.9 THz [8]. The electron
energy relaxation time sets a limit for the highest intermediate
frequency (IF) for the HEB mixers. For NbN HEB mixers the
3dB gain roll-off frequency is 3.5 GHz [9, 10], while the noise
bandwidth is about 6 GHz. The HEB mixers can employ either
waveguide (WG) or quasioptical (QO) 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 5THz [7]. Comparing both
WG and QO 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 QO
HEB heterodyne camera for 2.5 THz 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 QO
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% 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 1D 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 comes from the fact that all detectors but one will be
placed off-axis of the lens. The distortion increases with the
ratio of D/d, where d is the distance from the antenna to the
lens’s main optical axis. However, 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.

A QO RF 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 0.02A., where A is the wavelength in the dielectric, i.e. of
the order of 1 um thick. Such thin substrates are possible to
obtain by utilizing Si0,/Si;N; membranes [16]. For 2.5 THz
2~4T7Tpum (in SiO,/Si3Ny), therefore 0.024, =1 um. 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.

II. CAMERA DESIGN

A. Camera architecture

A single pixel optical scheme is shown in Fig. 1. The DDA
antenna is placed on a stress less Si3N4/SiO; membrane which
is 1.5 um 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 [18]). 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 (4=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 4,5 =
5738 um. 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.
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Fig. 1. 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
S11 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.

[20D).
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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
HEBSs to the dipole antenna. L=82um, S=66pm, w=4pum.
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Fig. 5. Simulation of the S11 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 +60°
(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
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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 3mm 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 80pm
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 wy;=75 um. 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 wp;=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.
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DDA beam was approximated (using Fig. 6) as a Gaussian beam with a waist
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Fig. 8. Beam patter of the DDA/spherical mirror system. The mirror is
3mm 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 (T=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 S-
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 I1’in, Michael Siegel, Andrey Smirnov, Sergey Pavlov, Heiko Richter,
Heinz-Wilhelm Hiibers

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 bolometric models.

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

I. INTRODUCTION

HORTLY after the introduction of superconducting

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+N, 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 2-107 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 N, was 5-10° mbar and 7-10"* mbar,
respectively. The nominal deposition time was 14 sec.
Using ellipsometry we found for our films a thickness of
5+1nm that corresponded to a deposition rate of
~ 0.65 nm sec”’. The superconducting transition temperature
T¢ 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, 7 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 Q per square that was approximately 1.3 times larger
than the square resistance measured at room temperature.
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309 nm

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
polymethylmethacrilate (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 2x0.25 pm® (width x length) had Tc~7.8K and a
resistance of 160 Q 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
6 um. 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 S,, of the IF
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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 S;, 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 “D” 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 F, by fitting our experimental IF
dependence of the gain with the following relaxation
dependence

U 1)
SO ERY (
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
35GHz to 22GHz. 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 Fy ~ 2.5 GHz. We shall emphasize that the
minimum value of the noise temperature presented in the
Fig. § 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
o |1 1vjer| )
Gy (@) = n(o)| |1+jw 7, 1+ jo rzl

where @ =2 7 F and the characteristic times 7, 7 and 5 are
connected with the electron-phonon interaction time 7,
phonon escape time 7., and the ratio R, =c./cp of the
electron ¢, and phonon c,, specific heat as follows
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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.
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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 = (R+R)/(R+R) where R; 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 R, can be presented as

(o) = IC(R-R,)+(R+R,)| 2 @
[C(R= Ry )+ (R+ Ry )o (@)

with either ¢(w) = n(w)™ in the NS or ¢(@) = 14j @ 75in the
KE model. The KE model relies on an approximation of the
PV model at 7., >> R, 7., that fairly good describes e.g.
Nb bolometers. In the NS model the effective temperature
of phonons 7, is supposed to differ from the effective
electron temperature 7, and has to be calculated via steady-
state energy balance equations. The difference between 7,
and 7, 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 7,=38ps assuming the following
temperature dependences of  the parameters:
Ton [pS1 =474 T, ¢,=9.8 T* and ¢, =280 T (c,, and c,
are in Jem®K'; temperature in Kelvins). We computed
T,»=6.9 K using 7, =7.5K that was the value found from
the superconducting resistive transition R(7) 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 7.,[ps] = 8 d [nm] where
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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
Ts = 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 T,, 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 -2
2
J p,,T,;

L Pty &)
C. (TC - T)

Gy ()<l + 0’1} -1| +jor,| °

where J is the density of the bias current an p, 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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Optimal Coupling of NbN HEB THz Mixers to
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 ant and copl waveguide (CPW) 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.

I. INTRODUCTION

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 hf/k) 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: frodrigu@ecs.umass.edu); N. Wadefalk is with
Chalmers University of Technology. SE-412 96, Gateborg, Sweden.

Fig. 1. Inside view of the fixture employed for HEB impedance characteriza-
tion. The antenna shown in this picture corresponds to a twin-slot design (used
for 750 GHz and 1.2 THz, 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 S1; have been measured under the presence of LO
laser illumination and dc-bias, using an Agilent ES071B ANA.
The measurements have been completed on three separate
devices for three different LO 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 pum
HEB devices. The device under test (DUT) for 1.6 THz had
dimensions 4 gm Xx.6 pm and was integrated 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-cooled NbN HEB mixers. The measurements
required an initial onc-port short-open-load (SOL) calibration
inside the cryostat, in contrast to the TRL calibration employed
in [8]. The calibration was donc by putting each of the
standards into the dewar in three consecutive thermal cycles
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Examples of Smith chart plots of the parameter S; obtained for two different devices under different biasing (optimum) conditions: (a) 750 GHz

LO for 0.5 mV, 39 pA; (b) 1.6 THz LO for 0.5 mV, 46 pA; and (c) superconducting short used as reflect standard for de-embedding.

and measuring the corresponding S;; 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;;). 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 eqq, the source match
error €37, as well as the reflection tracking error (e19 €o1)-
Using these error terms, the HEB IF small signal impedance
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Fig. 3. De-embedded impedance for an HEB receiver device operating at
750 GHz: (a) Real part, and (b) Imaginary part.
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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/dI, and the real part of the impedance, Re{Z}.
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 [

SUMMARIZED RESULTS FOR Z AND dV/dI AT 750 GHZ.

Operating Re{Z}[Ohms] | Im{Z}[Ohms] | dV/dI
Point 1GHz/4GHz 1GHz/4GHz [Ohms]
0.25 mV, 25 pA 42/35 -4/0 24
0.50 mV, 39 pA* 60/42 -23/-11 84
0.75 mV, 40 pA 85/58 -39/-18 114
1.50 mV, 40 A 158/95 -93/-31 190
TABLE II

SUMMARIZED RESULTS FOR Z AND dV/dI AT 1.6 TH7.

Operating Re{Z}[Ohms] | Im{Z}[Ohms] | dV/dI
Point 1GHz/4GHz 1GHz/4GHz [Ohms]
0.25 mV, 30 puA 42/42 -22/-11.0 16
0.50 mV, 46 pA* 46/52 -19/-104 60
0.75 mV, 39 pA 50/58 -17/-4.5 88
1.00 mV, 40 A 61/76 -15/-2.8 119
1.50 mV, 45 pA 82/95 -12/-1.5 160

of the results presented previously in Figs. 3 and 4. Fig. 5 dis-
plays the ratio between Re{Z} and dV/dI (p) 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 Z,,; required
by the LNA (Fig. 6). Since the input impedance of a HEMT-
based amplifier is mainly dominated by the gate-to-source
capacitive rcactance 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
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Fig. 6. Simulated optimum input reflection coefficient I'ope 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 n. 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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—— Simulated (p-strip IMN)

~——— Simulated (850um wire-bond),
—— Simulated (LE IMN)

1047 ° Simulated (200 Q source)

e~ Measured (u-strip IMN)

- :

MMIC LNA Noise Temperature [K]
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Fig. 7. Noise performance variation of our previously developed MMIC LNA
IF amplifier for different input matching circuits. The + symbol corresponds
to an hypothetical case in which the HEB IF impedance is purely real and
equal to 200 Q.

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 (¢,=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.

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
impedance and the dynamic resistance of the mixer. We have
also been able to accurately determine the source impedance
presented to the LNA by the HEB chip and surrounding
circuitry. We have proposed various alternatives for an optimal
input matching circuit for the LNA, which can be integrated
into the amplifier itself. Lastly, we have started the investiga-
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. Baselmans, A. Baryshev, M. Hajenius, J.R. Gao, T.M. Klapwijk, B. Voronov, and
G. Gol'tsman

We present a detailed experimental study of the direct detection effect in a small volume
(0.15um x 1um) 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 ¢
4Chalmers 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 7 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 () governing 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 o . This scalar product yields the number of
photoelectrons when multiplying the scalar product with the carrier charge q.

Q=qA'A 1

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

(Q) = (alQlo) = ¢(al AT Ala) = glaf® = ¢(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:

(Q%) = (al@®|a) = ¢*(o] ATAAT AJ0) = ¢®|of* + ¢*lof® = ¢*(n)” + ¢*(n) ®3)

(@) - (@ =d*(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 RF 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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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 = Aro + Arr; Apo(rr) = aporrye @EoR (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 =q- B'B= q- (ALO + ARF)T : (ALO + ARF) ~q- (ATLOALO + AATRFALO + ATLOARF) (6)

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

(Q) = 2|laroarr|cos((wrr — wro)t) + larol? + larr|? (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:
(@) = (erol{arr|QQlarr)|aLo) (8)
In addition we need:

4laroarr|? cos((wrr — wro)t)? + ...
<Q>2 _ ...+4iOéLo‘3|OtRF|COS((wRF —wLo)t)+... (9)
et 4|aLo][aRF|3 cos((wrr —wro)t) + 2|O.'LoaRp]2 + ...
et |aLo|4 + IaRp[4

In time average, the squared mean value becomes:

T
(@)%dt = 4laroare|* + |arol* + larr[* (10)
t=0

Taking only the signal part into account one arrives at:

T
/ (S)2dt = 4|O¢L()0£1-?,1:'l2 + [aRp|4 (11)
t=0

Now we are able to calculate the variance of the distribution as:
(Q) = 2laroarr|cos((wrr — wro)t) + laro|® + |arr|® (12)

+2(lazol® + |arrl?) <(Q%) - (@) < +2(laro] + larr|)? (13)
From this the signal-to-noise ratio is at first glance obtained as:

(Q)? _ _dlaroorr® +larol* + |arr[*
(@) —(Q)? +2|larol* +4|laroarr|+ 2|arr|?

1
=~ é‘laLo|2 (14)

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

(s)* _ dlaroarr|* + larr|* ~ lanr? (15)
(@) —(@)?  +2|larol? + 4laroarr| + 2|arr|? RE

This is a result identical to the derivation in Haus given for a balanced diode mixer.
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3. SOLVING THE QUANTUM NOISE FOR ARBITRARY DISTRIBUTED PHOTON
PROBABILITY DENSITIES

In the general 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 yiclds u 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:

pS =(1-¢q) s p(m —n)dm +q /+00 p(m — (n+1))dm (16)

n——oo JN——2

using the Kronecker delta é,. Calculating the expectation value of this distribution yields p as shown by
inspection, for the variance one obtains: ‘

o0

DI =Y (m-pu? pm=1al-q (17)

m=0

Obviously ??7 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:

dD?
dp

2
:lﬁzqzo_’Dé,max:§(1‘§):Z (18)

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 unit £ will show a power flow and its maximum
variance given by :

11
—hVRF (19)

In
PRF = EhVRFED@.mar = Kt2

Assuming that the radiation is time correlated with a time being larger than the inverse RF bandwidth of
the system 7eorr > %. Then, the band limited power density involves a correlated photon flow and its variance
as given by :

1
Prr.B = phvpp B = (P); Dy maz.p = 5hvrrB =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 (Pro) and a weak signal source (Pgr) to a bolometer results in photon absorption. Using
a simple heating model for a bolometer one obtains after suppressing the small second order terms:
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Figure 1. DSB Input Quantum Noise as a function of the RF frequency in the operating point.

1
R(P) = R((Pro+Prr))+Crr-({(PLo) -Prr+{Prr)-pro)+CpcPpc = R0+CRF'(<PLO>‘EhVRFB)‘I‘CDCPDC
(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 tiie average of the radiation e.g. emitted by the warm optics in front of the receiver

(determined by optics losses Loptics and the optics temperature Tiptics) is given by Planck’s radiation law found
in literature [e.g. Laloé- Tannoudji La mécanique quantique p.280 |:

hI/RFB
huR R
FBToptics — 1

e

(PPlanck,optics> = Loptics (22)

In the next step we search for an equivalent thermal noise source at the input to gencrate 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.

1
Loptics 5= —f—— = §hz/RFB (23)

Therefore the equivalent noise temperature due to quantum noise becomes:

hv

Ton =~
N K log(1+2 (1~ Loptics) - 22)

(24)

Please observe that the quantum noise has the same IF bandwidth limitation as the conversion gain. It
does thercfore 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 losscs. At frequencics above 2THz, quantum noise dominates the receiver noise.
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Physics of ultra-thin NbN films for phonon-cooled Hot-Electron-
Bolometers

T. Scherer, M. Schicke and K.-F. Schuster
IRAM, 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
(HEB) 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. Kreisler', A. F. Dégardin’
Ch. Peroz"?, J-C. Villégier’
M. Chauber’

! Laboratoire de génie électrique des universités Paris 6 et Paris 11 (LGEP), UMR 8507 CNRS-Supélec,
GIF SUR YVETTE, France

2 | aboratoire de cryophysique, CEA-Grenoble, France

3 Centre national d’études 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
YBa;Cu307.« (YBCO) and PrBa;Cu30;., (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 umz
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 2 107 A/em? 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. Pieters, 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/A1Ox/Nb SIS
tunnel junctions with NbTiN/Al 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 GHz receiver for ALMA
Band 9

A.M. Baryshev, R. Hesper, F.P. Mena, B.D. Jackson, J. Adema, H. Schaeffer,
J. Barkhof and W. Wild
SRON National Institute for Space Research and the Kapteyn Institute, University of
Groningen, Landleven 12, 9747 AD Groningen, The Netherlands

M. Candotti
National University of Ireland, Maynooth, Co. Kildare, (Ireland)

C. Lodewijk, D. Loudkov, T. Zijlstra, O. Noroozian, and T.M. Klapwijk
Kavli Institute for Nanoscience, Faculty of Applied Science, Delft University of
Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands

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

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 waveguidee 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

he LO power required for a THz-band SIS mixer can be

below 1 uW. 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
[1] 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
125009, Russia (phone: +81-422-34-3879; fax: +81-422-34-3864; e-mail:
s.shitov@nao.ac.jp ).

Yoshinori Uzawa and Takashi Noguchi are with the National
Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan (e-
mails: y.uzawa@nao.ac.jp , t.noguchi@nao.ac.jp ).

Oleg V. Koryukin, Andrey V. Uvarov and Ilya A. Cohn are with the
Institute of Radio Engineering and Electronics, Russian Academy of
Sciences, Moscow 125009, Russia (e-mails: koryukin@hitech.cplire.ru

uvarov(@hitech.cplire.ru, cohn@hitech.cplire.ru).

90

down to only 2-3 uW 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 Try 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.

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.um)
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. 1. 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 (¢=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-
12GHz 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.

91

P1-18

6-degree beam from subreflector

l Wire grid

A I

Mix-1 L

Tripler @4K
799-838GHz
output 2-5uvV

WR 2.8 (7 dB/foot)
Heat flow 0.2mW*K/inch

Mix-2

266.33-312.67GHz
RF power 0.8-2mW
Heat flow
<tmW (2 inch)
RF loss 1dB

Tripler @12K
266-313GHz

RF power 40-100mW WR 10
88.78-104.22GHz Heat flow 0.75mW*K/inch
Heat flow |l RF loss 3dB

<20mW (12 inch) /
Power amplifier NTT
@300K
88.78-104.22GHz T

WR 10

Quantupler
@300K

T 17.76-2084GHz

Synthesized signal

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

B. Single-chamber waveguide SIS 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 RF loss
or/and some non-flatness are not so important for the LO

LO waveguide
input

LO coupler

SIS _Mixer

IF port #1 /

SIS mixer
chip #1

Signal waveguide

input (bottom) IF port #2

Fig. 3. HFSS 3-D model of THz-range waveguide balanced SIS mixer.
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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.
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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.
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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.

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
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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, I1 and 12 — pumped junction 1 (SIS1) and
unction 2 (SIS2), [12 — IV-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(14+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 (LNA) 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

(10-20GHz) PC f‘as

IF Out
(1-2 GHz)

RF Feed

Directional Bias
Coupler Tee

Mixer IF Amp

Fig. 1.
et al[3].

Schematic of the subharmonic SIS receiver reported by Baryshev

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) SuperMix
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 LO 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 wro, the nth harmonic of the LO nwr,o, the
upper sideband of the nth harmonic wrr = nwro + wir
and the IF signal wrr. In order to get accurate results,
undriven signals must also be included at the lower sideband
of the nth harmonic wro — wrr, and wrpr + wrp. 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

RF
Input

LO Input

Fig. 3. Schematic of the circuits used within the SuperMix simulations of
the subharmonic mixer. .

different LO and RF embedding impedances, the RF circuit
of the subharmonic mixer consists of two branches, with the
signals in each branch sclected by idealised bandpass filters
between the embedding impedance and the junction (fig. 3).
The RF bandpass filter has perfect transmission between
nwro — wrrp and nwro + wrp, while the LO bandpass
filter has perfect transmission in a narrow band about wy,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 RF 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

VTL
V) = 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 o = wyVio/wro.
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Fig. 4. (top) SuperMix and (bottom) MultiTone simulated pumped IV
curves for a 20" harmonic mixer pumped at wyo = 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 er 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 ez al. 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
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Fig. 5. (top) SuperMix calculated conversion gain and (bottom) MultiTone
simulated IF output power for the 20" harmonic mixer. The LO drive level
is « = 50, and the RF signal power in the MultiTone simulation is 472 pW.
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Fig. 6. (top) SuperMix calculated conversion gain and (bottom) MultiTone
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is o = 80, and the RF signal power in the MultiTone simulation is 472 pW.
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Fig. 7. (top) SuperMix calculated noise temperatures of the 202 harmonic
mixer at a LO drive level of a« = 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 25dB 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 subharmonically
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Fig. 8. SuperMix calculated conversion gain of the 20*" harmonic mixer
as a function of LO power at three bias voltages.

pumped mixers. However in many applications, the subhar-
monic 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 SIS-Mixers

R. Teipen!, M. Justen, T. Tils, M. Schultz, S. Glenz, P. Piitz, C.E. Honingh,
K. Jacobs
KOSMA, |. Physikalisches Institut, Universitat zu Koln
Ziilpicher StraRe 77, 50937 Koln, Germany

For the development of the band 2 mixers (636-802 GHz) for the HIFI instrument on
the Herschel Space Observatory? the RF-performance of more than 50 mixers with
Nb/Al,O3/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 Vg,p, cur-
rent density j., dc-quality Q = R(2 mV)/Ry, strip-line conductivity ¢ and accuracy of
junction-area) have been optimized. Because of the Nb-gap at 700 GHz the power losses
of the NbTiN/SiO2/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 j. and Q show the strongest impact on the mixer performance. These two
parameters can not be optimized independently since a higher j. implies a thinner barrier
and lower Q.

To evaluate the trade-off for an optimum combination of j. 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 @ > 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
Je and @ can be used as a guideline for optimum design parameter for J..

optimum measured performance Tucker calculation for FM design
250
T T T T T B
— L] =
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5 300 .\ L 2 coupling
_% ~ 8100 L o . — at 790 GHz ]
o N\ L © \ I —
o 200 ay L ww o - [
% \ -q-| u . 8 50 "i‘
o 100 aw L 95% power coupling ‘ [ S S
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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.

LEmail rteipen@ph1.uni-koeln.de
2http://sci.esa.int/herschel
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Test of 1 mm Band Turnstile Junction
Waveguide Orthomode Transducer

Alessandro Navarrini, Alberto Bolatto, and Richard L. Plambeck

Abstract—We tested five prototype waveguide orthomode
transducers (OMTs) designed for the 200-270 GHz frequency
band. These OMTs, 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

I. INTRODUCTION

‘ N [ ¢ are constructing OMTs for dual polarization 200-270
GHz receivers on the CARMA array. The design of the

Pol 2~
Pol 1.4~

Tumstie
~¥ junction

TP()I‘|

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: navarrinicastro 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

OMT circularwg input (D=
uG3er

WR3.7 OMT wg outputs

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.

: Y
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 Pol 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 Pol 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
O]\:T Machined by Material Notes
RAL, Berkeley, . Four blocks machined
1 Aluminum .
CA from a single bar
RAL, Berkeley, Four blocks machined
2 CA TeCu from a single bar
3 Protofab, TeCu Blocks machined
Petaluma, CA individually
Custom .
. Gold plated Blocks machined
4 Microwave Inc., brass individuall
Longmont, CO Y
5 Univ. of Arizona, Gold plated Blocks machined
Tucson, AZ brass 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 mm® metal bar using a numerically controlled
milling machine (CNC Tree Journeyman 350 equipped with
high speed Astro-ES00 spindle 50000 rpm.) Inspection of the
blocks with the optical microscope showed that the maximum
offset between rectangular waveguide cuts in block halves is
approximatcly 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
wavceguide 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
onc of thc power combincrs of such OMT were slightly
damaged after we sent it out the for gold plating.

P1-21

1II. MEASUREMENT SETUP

We tested the five OMTs during the weck 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 cross-polarization test setup is shown in Fig. 5.

Agilent 8510C Vector
Network Analyzer

WR3.7 to WR3 4

. OMTWR37 wg
i wg transiton

output ports
\ i
i oMtV

+ )
WR3.4 wg/cire. Circular wg WR3.7to WR3 4
WR32.4 waveguide  wg (0.05" diam} input port wg transition+
transition 0.044" diam WR3.4 wgload

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 OMT. 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.
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IV. EXPERIMENTAL RESULTS

We tested the OMTs between the minimum operating
frequency of the VNA, 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 basc
of the circular waveguide. Three of the OMTs 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 GHz. 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 measurcd
reflection coefficients for the two polarization channels
indicate that they are clectrically 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 causc a misalignment of one
(or more) of the four quarters of the OMT.

Transmission [dB]
5

Before Tuning stub fix .
157 OMT #3 - Protofab Do
18- ' Unplated TeCu -
2
20 T 1 T — T 3 -
210 220 230 240 250 260 270 280 290 300 310
Frequency [GHz]
20
02
04

Transmission [dB)]
5

After tuning stub fix
OMT #3 - Protofab
Unplated TeCu

-2.0

L T T T T T T T
210 220 230 240 250 260 270 280 290 300 310
Frequency [GHz]

Fig. 8. Pol 1 and Pol 2 transmission measurement of OMT n. 3 before (top)
and after (bottom) tuning stub fix. The vertical line in the graphs delimits the
nominal highest frequency of the band at 270 GHz.

A difference in the electrical length of opposite waveguide
arms between the turnstile junction and the power combiner
causes the appearance of a scries 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 arc not cxactly 180° out of phasc.
Electromagnetic simulations of the three-port model of Fig. 1
with imbalanced waveguide sidcarm 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 cach 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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Fig. 9. Pol I and Pol 2 input reflection (top), and cross polarization coupling
(bottom) of OMT n. 3 after tuning stub fix.
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clectrical length difference depends on which onc 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
onc of the blocks along the axis of our OMT, we performed
electromagnetic simulations of: a) a straight 10 mm long
scction 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 valuc. Therefore, a given amount
of misalignment of one of the blocks along the circular
waveguide axis (caused, for example, by loose locating pins)
is cxpected 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.
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Fig. 10. Pol 1 and Pol 2 transmission of OMT n. 2.
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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.
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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
modern 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 Jenal[l], using a
1 kA/cm2 shunted Nb/Al-AlIOx/Nb junctions. Some particular
potential applications for space will be emphasized.

Index  Terms—superconductor, RSFQ,
Quantum, superconducting electronics

Single-Flux-
I. INTRODUCTION

Uv ITH 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
®,. 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.
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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-T, 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 Rgyye the total shunt resistor of the
junction, composed of the junction normal resistance Ry in
parallel with an eventual external shunt resistor.

L 1(t)

Vo | g —— Xy Rghunt

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

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

. D, dp(t
I, =1_sing(t) and V() = -—2—(’%(—2 (1)
27 ot
h .
where @ =-— is the magnetic flux quantum, ¢ the
0 2

difference between the phases of the two macroscopic
wavefunctions associated to the two superconductors
forming the Josephson junction and I, its critical current.
The total current flowing through the device can be written:
av(t 1 .
I=C, ( )+—V(t)+ I, sing(t) ?2)
d shunt
If one writes Ljo, the zero-current Josephson inductance,
usually defined by[3]:

@,

-2 3
70 271 3)
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and { = — the reduced current flowing through the device,
c

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

equations (1):

’e@) , Lo 39()
ot 2 Rshunt
For low values of the phases, the sinus is about linear and
equation (4) is simply the one of a parallel RLC circuit,
whose dynamics is well known. Three natural frequencies
appear:
1- the plasma angular frequency of the parallel LC circuit

1
0, =—F—

" Y LJOCJ
T, =27yL,,C, ;

2- the cutoff angular frequency of the parallel LR circuit

i=L,C, +sin@(t) €))

associated to the period:

Rshum . . .
Op = associated to the relaxation time
L,,
LJo
T = ;
R
shunt

3- the cutoff frequency of the parallel RC circuit associated
to the relaxation time Tp. = R, C;.

Equation (4) can be rewritten:
2
i= aangt) + L a(g(t) +sin @(¢)
T 1’ T
ﬁc (5)

where T =, ! is the time normalized to the Josephson

junction plasma period and B, is the McCumber parameter
defined by:

2
(@) R, C, 2nR,,>C,I,
k_ = ®)
@, L,, D,

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:

Tre

Tir

B.=

JB. 1 _ 27 ®,Cy

where C; 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 ¢ = @) the damping coefficient is:

1
- ™
2.JB.

while the envelope of the signal decreases as exp(—&w ,,7)

in the damped oscillatory and critical regimes. This means,
from the above expressions of € and wy,, that the relaxation
time constant of a shunted Josephson junction excited by a
short electrical signal, is 2 tgc. For junctions without
external shunts, the parallel resistor of figure 1 is simply the
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normal state resistance Ry. For such hysteretic junctions, the
McCumber parameter is usually high, above 10, which
corresponds to quite high values of the relaxation time
constant 2 tgc. For instance, for a typical 4 umz junction
with a current density of about 10 kA/cm?, 2 tzc = 4.6 ps. If
one defines the ultimate frequency by 1/(121gc),
corresponding to the time needed by the junction to switch
to a resistive mode (3 times 2trc) 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;. 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 Ry 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 3. 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

.- Q.6 1
0 27 j. 2n

Ty The associated maximum clock

frequency of operation can be defined by
1 1 j
Jomax = =—= ———']C— It is shown in
2rT, T, \l 2n ®Cy
figure 2.
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Figure 2: Expected maximum frequency of operation of RSFQ circuits for
Nb-based and NbN-based Josephson junctions.

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,
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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° ®y/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.

_@_{

bidirectional bias

51) test configuration

! ke
L
-k

[r4] )netometer
configuration ee

applied field

' .
Leomp=Locip

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.

SFQ/de converter (RS fip-fiop)

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 Je,mp in parallel
with inductance Lcomp (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
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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 Jemp 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
I1SO9001 foundry at IPHT Jena [1]. The shunted Josephson
junctions, based on a Nb/Al-ALO;/Nb trilayer, have a
current density of 1 kA/cm? and an Ryl product of 256 pV.

Input
transformer
y R e TR |

Z

Figure 4: Picture of the digital SQUID made of 11 shunted Nb/Al-
AI203/Nb Josephson junctions. Junctions have a current density of 1
kA/cm?2. 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.

au.

e !
£ . i

| i |
i ol
i 1 : : '
! 1 -+ analog input [100mA/div]
! f | output pulses [0.2mV/div]
i ! BRI -~ reconstructed input
| i o )
o i Ll Time [20ms/div]

|
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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 SUBMM-WAVE LOCAL
OSCILLATOR APPLICATIONS

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

‘ Jean-Guy Caputo, Lionel Loukitch
Laboratoire de Mathématique, 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 IREE-Moscow (Institute of Radio Engineering and Electronics)
and SRON (Space Research Organization of the Netherlands). Theses SIRs are
potentially ideal for post-Herschel submm-wave spaceborne 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 submm-
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
(FFO) 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/cm? 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,
“Superconducting Integrated Receiver for TELIS”, Report 2ET06 at the Applied
Superconductivity Conference ASC’2004, USA, October 2004.

[2] V. Koshelets and J. Mygind, “Flux Flow Oscillators for Superconducting
Integrated Submm Wave Receivers,” Studies of High Temperature Superconductors
39 (2001), 213-244,. Ed. A.V. Narlikar, NOVA Science Publishers, New York.

[3] Boussaha F.; Salez M.; Delorme Y.; Féret A.; Lecomte B.; Westerberg K.; Chaubet
M. Submillimeter mixers based on superconductive parallel junction arrays SPIE; 1st
Int.Symp; "Microtechnologies for the New Millennium 2003 "; Maspalomas; Canary
Islands; Spain ; 19-20 mai 2003.
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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*, David Olayai, Sergei Pereverzev, Boris S. Karasik®, Jonathan H. Kawamura,
William R. McGrath, Andrei V. Sergeyev, and Michael E. Gershenson

Abstract—We have developed a hot-electron
superconducting transition-edge sensor (TES) that is capable
of counting THz photons and operates at 7=03K. We
fabricated superconducting Ti nanosensors with Nb contacts
with a volume of ~3x10™ um3 on planar Si substrate and have
measured the thermal conductance due to the weak electron-
phonon coupling in the material G =4x 10™ W/K at 0.3 K. The
corresponding NEP = 3x10"® W/Hz'"?. This Hot-Electron
Direct Detector (HEDD) is expected to have a sufficient energy
resolution for detecting individual photons with v > 1 THz
where NEP ~3x10"2° W/Hz'? is needed for space spectroscopy.

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

I. INTRODUCTION

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 =v/Av ~ 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) ~ 107°-102° W/Hz'? at
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;N, beams suggesting
an NEP ~ 10" W/Hz'? 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, mirror 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
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
n
hv

2
)<100 s, %))

(n is the optical coupling efficiency). A detector with a time
constant 7 will integrate a photon flux if N,,7>>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, 7 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 [10]. 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

112



17th International Symposium on Space Terahertz Technology )

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 = 2k, T2 C (T V) [T (T.) - )

Here C, = yVT, is the electron heat capacity, V' is the sensor
volume, y is the Sommerfeld constant, and 7., is the
electron-phonon energy relaxation time. The sensitivity
increases with decreasing the sensor volume and lowering
the electron temperature 7,. Especially strong is the effect of
lowering 7,: NEP.pn ~ T,”” because of a very rapid increase
of the electron-phonon relaxation time Tepn 7. in
disordered conductors at ultra-low temperatures (see, e.g.,
[17,18]). Since the electron temperature is always ~ T¢ in
hot-electron TES, then lowering 7, requires reducing 7¢ 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 ~10!' m’,

Fig. 2. (a) Shadow mask used for the fabrication of Ti HEDDs (the
SEM picturc 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 scction along the dashed linc on panel (a). A two-layer lift-
off mask consists of the top 0.1-um-thick PMMA layer, used as a
high-resolution electron resist, and the bottom 0.3-um-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 1-um-long slit.

R

Fig. 3. SEM image of a Ti nanosensor. Top view: the Ti nanosensor
with dimensions 0.04pm x 0.14pum x 0.56pum 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 C,(0.3K) ~ 10" J/K. For such a
nanosensor, the predicted NEP can be 10 W/HZ'? at
T=0.3 K and 107 W/Hz'? at T=0.1 K [12]. However,
even a record long 7., ~20 ms measured in thin Hf and Ti
films at 40 mK [18] is insufficiently long for integrating
photons with N, ~100s™.

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 (~10GHz) [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 7-~0.2-0.4 K. The current leads to the
nanosensor are fabricated from Nb films with 7o~ 8.5K; 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”° 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 L~ = 4/AD/kyT , 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 cm?/s, L¢ is of the order of 0.1
um at 7= 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 #v> ANb (v> 0.3 THz). For this reason we
do not make HEDD devices shorter than ~ 0.5 pm.

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
1K 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 67-C/x.,, < 1 fW.

Figure 4 illustrates the measurement of the thermal
conductance G=CJr, , 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 7, and the
equilibrium bath temperature 7,, 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
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Fig. 4. Measurements of the thermal conductivity between the
electrons in a Ti HEDD device with dimensions
0.04pm x 0.14pm x 0.56pum 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 < T 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:

RIje = GT)T, =Ty, 3)

which holds if 7,-7,,<<T,. For the device with
dimensions  0.04pm x 0.14pum x 0.56um  (Fig. 3), we
obtained G(0.3K)=4x10"*W/K. The value of G
normalized to volume G(0.3K)/V=12x10" W/(K-m®)
agrees very well with the corresponding value of G/V
measured for much larger meander-patterned Ti films with
dimensions 0.04pm x Spm x 100,000pm (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=(D‘re_ph)1"2). 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 7=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 7¢, and the resistance at the operating point, R,
will be much smaller than the normal resistance Ry. 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
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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 7., (~5-20 ws 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]: ©= 7. ,/(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
0.04pm x 0.1pm x 0.5um will be less than 3x10"° W/Hz'"?
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
<100s”, 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 0.1pm x 0.5pm, the energy resolution at 0.3K,
OE, corresponds to the “red boundary” wvg= OE/h =

0.24 THz. The dynamic range (t N;,'/,f)'1 ~50dB ( N;,/,,2 is

the minimum signal which can be distinguished from the
background) and the detector NEP at | THz is less than 107
W/HZz'? if the discrimination threshold Ey= 3.53E.

III. CONCLUSION

We have demonstrated a superconducting Hot-Electron
Direct Detector with a record-low NEP = 3x10™"° W/Hz'? 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 7=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 smallerthan the wavelength. As with other transition-
edge sensors, the HEDD is compatible with SQUID-based
multiplexing read-out circuits

REFERENCES

[1] http:/safirjpl.nasa.gov/technologies.shtml.

[2]. D.J. Benford and S.H. Moseley. “Cryogenic detectors for infrared
astronomy: the Single Aperture Far-InfraRed (SAFIR) Observatory,”
Nucl. Instr. Meth. Phys. Res. A 520(1-3), 379-383 (2004).

[3]. D.Leisawitz, “NASA's far-IR/submillimeter roadmap missions:
SAFIR and SPECS,” Adv. Space Res. 34(3), 631-636 (2004).

(6]

7

(8]

9

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21

[22]

[23]

115

WE2-1

T. Nakagawa, “SPICA: space infrared telescope for cosmology and
astrophysics,” Adv. Space Res. 34(3), 645-650 (2004).

J.J. Bock, P. Day, A.Goldin, H.G. LeDuc, C. Hunt, A. Lange et al.,,
“Antenna-coupled bolometer array for astrophysics,” Proc. Far-IR,
SubMM & MM Detector Technology Workshop, April 1-3, 2002,
Monterey, CA, 224-229.

M. Kenyon, P.K. Day, C.M. Bradford, J.J.Bock, and H.G. Leduc,
"Background-imited membrane-isolated TES bolometers for far-
IR/submillimeter direct-detection spectroscopy," Nucl. Instr. & Meth.
Phys. Res. 4 559, 456-458 (2006).

B.S. Karasik and A.V. Sergeev, “THz Hot-Electron Photon Counter,”
[EEE Trans. Appl. Supercond. 15(2), 618-621 (2005).

R.J. Schoelkopf S.H.Moseley, C.M. Stahle, P.Wahlgren, and
P. Delsing, “A concept for a submillimeter-wave single-photon
counter,” IEEE Trans. Appl. Supercond. 9(2), Pt.3,2935-2939 (1999).
A.Semenov, A.Engel, K.I'in, G.Gol'tsman, M. Siegel and
H.W. Hubers, “Ultimate performance of a superconducting quantum
detector,” Eur. Phys. J. Appl. Phys. 21(3), 171-178 (2003).

S. Komiyama, O. Astafiev, V. Antonov, T. Kutsuwa, and H. Hirai, "A
single-photon detector in the far-infrared range,” Nature 403, 405-407
(2000); O. Astaficv, S.Komiyama, T.Kutsuwa, V. Antonov,
Y. Kawaguchi, and K. Hirakawa, “Single-photon detector in the
microwave range,” Appl. Phys. Lett. 80(22), 4250-4252 (2002);
H. Hashiba, V. Antonov, L.Kulik, S.Komiyama, and C. Stanley,
"Highly sensitive detector for submillimeter wavelength range," Appl.
Phys. Lett. 85(24), 6036-6038 (2004).

K. Ikushima, Y. Yoshimura, T. Hasegawa, S. Komiyama, T. Ueda,
and K. Hirakawa, "Photon-counting microscopy of terahertz
radiation," App. Phys. Lett. 88, 152110 (2006).

B.S. Karasik, W.R. McGrath, M.E. Gershenson, and A.V. Sergeev,
“Photon-noise-limited direct detector based on disorder-controlled
electron heating,” J. Appl. Phys. 87(10), 7586-7588 (2000).

E. M. Gershenson, M. E. Gershenson, G. N. Goltsman,
A.D.Semenov, and A.V.Sergeev, "Heating of eclectrons in a
superconductor in the resistive state by electromagnetic radiation,"
Sov.Phys.-JETP 59, 442-450 (1984).

M.Nahum and JM. Martinis, "Ultrasensitive
microbolometer," Appl. Phys. Lett. 63,3075-3077 (1993).
B. Cabrera, RM. Clarke, P. Colling, A.J. Miller. S.Nam, R.W.
Romani, “Detection of single infrared, optical, and ultraviolet photons
using superconducting transition edge sensors,” Appl. Phys. Lett.
73(6), 735-737 (1998).

T.A Lee, P.L. Richards, S.W. Nam, B. Cabrera, and K.D. Irwin, “A
superconducting bolometer with strong electrothermal feedback,”
Appl. Phys. Lett. 69, 1801-1803 (1996).

A. Sergeev and V. Mitin, "Electron-phonon interaction in disordered
conductors: Static and vibrating scattering potentials," Phys. Rev. B.
61(9), 6041-6047 (2000).

M.E. Gershenson, D. Gong, T. Sato, B.S. Karasik, A.V. Sergeev,
"Millisecond electron-phonon relaxation in ultrathin disordered metal
films at millikelvin temperatures," Appl. Phys. Lett. 79, 2049-2051
(2001).

B.A. Young, J.R. Williams, S.W. Deiker, S.T.Ruggicro, and B.
Cabrera, "Using ion implantation to adjust the transition temperature
of superconducting films," Nucl. Inst. Meth. Phys. Res. A 520, 307-
310 (2004).

D.R. Schmidt, R.J. Schoelkopf, and A.N. Cleland, “Photon-Mediated
Thermal Relaxation of Electrons in Nanostructures,” Phys. Rev. Lett.
93, 045901 (2004).

B.S. Karasik, B. Delact, W.R. McGrath, J. Wei, M.E. Gershenson,
and A.V.Sergeev, "Experimental Study of Superconducting Hot-
Electron Sensors for Submm Astronomy," [EEE Trans. Appl.
Supercond. 13(2), 188-191 (2003).

B.S. Karasik, A.V. Sergeyev, D. Olaya, J. Wei, M.E. Gershenson,
J.H. Kawamura, and W.R. McGrath, "A Photon Counting Hot-
Electron Bolometer for Space THz Spectroscopy," Proc. 16" Int.
Symp. Space Terahertz Technol, May 2-4, 2005, Gothenburg,
Sweden, 543-548.

K.D. Irwin, “An application of electrothermal feedback for high
resolution cryogenic particle detection,” Appl. Phys. Lett. 66, 1998-
2000 (1995).

hot-clectron



17th International Symposium on Space Terahertz Technology

WE2-2

To the Sensitivity Estimation of TES
Bolometers for SubMM Radiation Detection
Operating at Super Low Temperatures

Alexander N. Vystavkin, Alla G. Kovalenko, Ilya A. Cohn

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 p 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.

[. INTRODUCTION

I-ILAYER  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]

PJ=U~I=2v(Tes—TP5h), @

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, / is the bias current, 7, is the hot-
electron temperature, T, is the temperature of phonons, i.e.
of the thin metal film and substrate, = =3 nW-K>-pm? 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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the Program No 29 “Elecromagnetic waves of the Terahertz band” of
Russian Academy of Sciences.

Authors A. N. Vystavkin (corresponding author: phone: 7-095-203-25-
05; fax: 7-095-203-84-14; e-mail: vyst@hitech.cplire.ru), A. G. Kovalenko
and I. A. Cohn are with the Institute of Radioengineering and Electronics
of Russian Academy of Sciences, 11 Mokhovaya Street, 125009 Moscow,
Russian Federation.

substrate at the same temperatures has been studied, v pm®
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]

c, =£if.._uk27’ K, @)
where N is amount of electrons for which the thermal
capacity is to be determined, £ =~ 1,38 -10% JK is
Boltzman constant, 7, K is electron temperature, Er (0) is
Fermi energy equal for metals at low temperatures Ex (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 / A:

N=1/es, 3)

where I C/s is electrical current, ¢ = 1.6 -10™" C is electron
charge. Taking into account that the temperature of entering
electrons is 7, K i.e. the temperature of the thin metal film
and substrate (phonons) and the temperature of leaving (hot)
electrons is 7, 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:

2 22 272
p=Z ML e p 2 KTn g W (@)
2 eE.(0) T2 eEL(0) w
2 2
where ﬁ:”_. k . (5)
2 eE,(0)

Adding the difference (P, —F,,) 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, | 7, K R,, Ohm » T dR U, uV S,, AIW NEP, W/Hz'?
nm "R dT
Mo Cu
1 2 3 4 S 6 7 8 9
a 12 0 0,93 67 1070 - - -
b 15 | 35 0,4 2,9 150 10”7 107 4107
c 12 | 35 0,27 2,6 320 10° 10° 4107
d 12 | 100 | 0,08 0,6 510 10° 10° 4107
(1 - 6) - for 15 x 1.5 mm? samples, (7 - 9) — for 8 x 0.8 um? possible bolometers. S, = |A1[/11;ad =1/U, NEP= ﬁ: /8,
\ lﬂ;; is the rms néise current of SQUID readout-amplifier next to the bolometer. In our case = 41072 A/Hz"?
5 5 2 2 ~ 2 _ 2
P =U-T=3W(I ~T5)+ BIT ~T%). (6 UAI+P,, = B(TZ -T2 )AL ©

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(T,), U, T., T, (two latter ~ T;) in
operating points given in Table I and for minimal of
abovementioned value of Fermi energy E40) =1 eV = 1,6-
10" J. This correlation remains at the reducing of
transverse dimensions of possible bolometers down to 0.8 x
0.08 pm?. 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,,4
to Joule power U-/ and small additions Al and AT for
current and temperature:

5 _ms
U(I+AD)+ P, = Iv[ (T, +ATY =T}, |+
+ﬂ(1+A1)[(7; +AT)? —T;,,]. @)
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):
UAI + P, = SSuTAT + B(T} =T, )AL + 2 BIT,AT. (8)

rad

After simple transformation U _U_UAMR_, , AR_

=I1+AI we have A]:_I.ﬂ and ﬁz_ﬂ. Then taking
R R 1

into account the relationa = (T, / R)-(AR/ AT,) (see Table I)

AR = _lTﬂ . Substituting obtained
R a I

expression for A7 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:

one obtains A7 = lT
a

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:

©)

UAI+P,,=0.
One can obtain from (9°) the expression for S; (see Table I).

In this given point we consider in more details the action of
said above negative electrothermal 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 UAI compensates the variation of
electron temperature. For instance when the reason of
electron temperature variation is the incident radiation
power P,,; absorbed by the absorber the Joule power change
UAI is equal to P,; 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.
ﬁ[(Tez-T:h). The corresponding member ﬁ(];z- szh)A]

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:

-Al 1
= = (10)
S UAI-B(T}-T3)AI U(1-n)’
2 2
where n:———ﬁ(n _T”h)_ an

U
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 (72 -T7,)Alin (9)
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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 Er (0) and to calculate f.
We estimate # for lower value Er (0) of given above ones,
ie. Er(0) =1 eV = 1,6 -10" J. Results of estimation using
temperatures and bias voltages given in Table I are
summarized in Table II. The bolometers with dimensions
I%xw~0.1x0.2 and 0.8 x 0.08 um? based on the structures
¢ and d respectively have # = 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 n
dimensions of
absorber-sensor
[ % w, um
b-d ~ 80x8 ~0.01...0.02
b-d ~ 8§%0.8 ~0.1...0.2
c ~ 0.1x0.2 — 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

WE2-2

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.

REFERENCES

[1] A N. Vystavkin, A.G. Kovalenko, S. A. Kovtonyuk, Study of
superconducting transition in a Mo/Cu thin film structure and estimation of
sensitivity of SUBMM waveband region TES bolometers on the basis of
such a structure, Proc. of 16-th Intern. Symp. on Space Terahertz
Technology, Gothenburg, Sweden, 31 April - 4 May, 2005,

[2]. K. D. Irwin, An application of electrothermal feedback for high
resolution cryogenic particle detection, Appl. Phys. Lett., 1995, 10 April,
66 (15), pp. 1998-2000.

[3] D.V. Chouvaev, L.S. Kuzmin, M. A. Tarasov, P. Sundqvist,
M. Willander, T. Claeson, Hot-electron microbolometer with Andreev
mirrors for THz space applications, Proc. of 9™ Intern. Symp. on Space
Terahertz Technology, March 1998, Pasadena, CA, USA.

[4] A. F. Andreev, Thermal conductivity of superconductors intermediate
state, Soviet Phys. ZhETP, 1964, v. 46, # 5, pp. 1823-1828.

[5] F. Pobell, Matter and Methods at Low Temperatures, Springer-Verlag,
1992.

118



17th International Symposium on Space Terahertz Technology

WE2-3

Single Photon counting detector for THz
radioastronomy.

M. Tarkhovl, D. Morozovl’z, P. Mauskopfz, V. Seleznevl, A. Komeevl, N. Kaurova!
L. Rubtsova', O. Minaeva', B. Voronov', and G. Goltsman'.

"Moscow State Pedagogical University, Moscow 119992, Russia
2Cardiff University, Cardiff, CF24 3YB, Wales, UK

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 pm wavelength (52 THz)
the SSPD exhibits single-photon sensitivity. Reduction of
operation temperature to 1.6 K allowed us to measure quantum

efficiency of ~1% at 60 THz. Although further decrease of the .

operation temperature far below 1K 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.

L INTRODUCTION

The 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 pm
- 5 um (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 3um -Sum
(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 pm? 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 pum.

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
T. = 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. [S].

S
3500 it~

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
haw>>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 sw/2A
by the order of magnitude, it leads to the local suppression
of superconductivity and hotspot formation. The initial size
of the hotspot, 247 (\r 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 hw/24, by the thermalization time of
nonequilibrium quasiparticles tr (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 thermalization 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

WE2-3

Pump . : 'y

‘_'—"' : \ amplifier
Oscilloscope
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SSPD & LED
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Liquid Helium

Fig. 2. Experimental setup for SSPD count measurements at 1.6K-4.2K
temperature range for 3um and Spm wavelength.

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

DC biasing of the SSPD 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 0.6-5.7 um 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 um) or silicon
(in the range 1-5.7 um) 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 10x10pm?
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-um
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
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Fig. 3. Spectrum dependence of QE for SSPD at 3K and 5K both
spectrum characteristics were researched at 0.94 /c bias current.

5K temperatures with infrared spectrometer as the light
source. The SSPD transport current was equal to 0.94 Ic. 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 um
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 /, as well. The maximum QE was observed
at currents very close to the critical current I, (see fig. 4).

To determine how QE at 5-um-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 Ic it is of about two
orders of magnitude whereas at /b=0.86Ic 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 um wavelength
and 0.4-2.5 K temperature range: figure 6 presents SSPD
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Fig. 4. Spectrum dependence SSPD at 3K temperature and different transport
currents in range 0.78 t0 0.94 of Ic.
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Fig. 5. QE versus temperature at the different bias current for Spum
wavelength.

count rate measured at constant LED power and constant
ratio of Ib/Ic.

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

A=3 um

CPS

0.4 0.6 08 1 2

TK

Fig. 6. Count per second versus temperature 3um wavelength.

detectors NEP is given by

Nep="VY
OF

V2R,

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 2x10s™ for /b/Jc=0.89. Taking QE values
from figure 5 we have the best NEP value of 8x10™%
W/Hz'? at 5 pm and bias current 0.89 ,.

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 pm wavelength.. Taking into account
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extremely low level of dark counts of 2x10s™ we obtained
noise equivalent power of 8x10?' W/Hz'"? at 5 um
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 Matsuo

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 10™'5 W/Hz"® at 0.3 K. The same detector
give NEP of 10"* W/Hz"S 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

EVELOPMENT 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.matsuo@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 W/Hz*®. Hence, dynamic range of
10° is required. Observation from space requires NEP of 1078
to 10"° W/HZ*? 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 10® is required. These numbers are
not easy to vrealize 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 v/Av < 10* 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.

1
e
v
2A/e

/

Fig. 1. 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
of the SIS photon detector and their noise performance can be
expressed as:

S=)7-Ze-; [a/W] )
N=zel [a/Fiz] 2)

NEP=N/S:%-\/277 [W/J@] 3)

where 7 is a quantum efficiency and / is a leakage current.
For leakage current of 100 pA and quantum efficiency of 0.5,
we could get NEP of 3x10™7 W/Hz"’. Actual performance
we have measured for 650 GHz SIS photon detectors is
quantum efficiency of 0.2 and optical NEP of 1.6x10'¢
W/HZ** [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 10™"* W/Hz* [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 10™* W/Hz"? [3].

Another feature is that SIS photon detectors have high
saturation current of the order of 100 pA, and their dynamic
range is expected to be larger than 10° [3], whereas
measurement have shown that dynamic range is larger than
10" and can be used for variety of terahertz application fields

WE2-4

Superconducting magnet
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].
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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 puW. 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, FI, have two input polarizer and a
beam combiner, each made of wiregrid for the Martin Puplett

124



17th International Symposium on Space Terahertz Technology

: ——————————— bc
I b :
! P2 I
| PI :
I~ 47
| | , —

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.
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Fig. 6. Mutual coherence interferograms of the sun obtained by the MuFT
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 108 W/Hz"%, we
could achieve sensitivity of 100 uJy/Hz"® with observing
field of view of more than 1000 arcmin® 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.

ACKNOWLEDGMENT

The author acknowledge Terahertz development groups in
NAOJ and RIKEN, and Hirohiko M. Shimizu of KEK for
supporting developments of superconducting direct detectors.
MuFT interferometer is being developed under collaboration
between Tohoku University and NAOJ.

125



[e]
g

(81

1

(0]

17th International Symposium on Space Terahertz Technology

REFERENCES

Y. Mori et al, “Development of Superconductive Imaging
Submillimeter-wave CAMera with nine detector elements
(SISCAM-9)”, 2006, Proc. SPIE 6275, in press.

1.S. Ohta et al., “Astronomical mm and sub-mm observations with
Multi-Fourier Transform interferometer in 2005 and 2006 , 2006, Proc.
SPIE 6275, in press.

H. Matsuo et al, “Performance of SIS photon detectors for
superconductive imaging submillimeter-wave camera (SISCAM)”,
2006, Proc. SPIE 6275, in press.

S. Ariyoshi et al., “Terahertz imaging with a direct detector based on
superconducting tunnel junctions™, 2006, Appl. Phy. Lett. 88, 203503.
S. Ariyoshi et al., “Characterization of an STJ-based direct detector of
submillimeter waves”, 2005, IEEE trans. Appl. Supercond. 15,
920-923.

H. Matsuo et al., “Design of wide-field submillimeter-wave camera
using SIS photon detectors™, 2004, Proc. SPIE 5498, 371-380.

H. Ezawa, R. Kawabe, K. Kohno, S. Yamamoto, “The Atacama
Submillimeter Telescope Experiment (ASTE)”, 2004, Proc. SPIE 5489,
763-772.

H. Nagata, J. Kobayashi, H. Matsuo, M. Fujiwara, “Progress on GaAs
cryogenic readout circuits for SISCAM”, 2006, Proc. SPIE 6275, in
press.

I. S. Ohta, M. Hattori and H. Matsuo, “Development of Multi-Fourier
Transform interferometer: Fundamental”, 2006, Applied. Opt. 45,
2576-2585.

I. S. Ohta, M. Hattori, H. Matsuo, “Development of super broadband
interferometer in FIR”, 2004, Proc. SPIE 5487, 1563-1570.

126

WE2-4



17th International Symposium on Space Terahertz Technology

WE2-5

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. Irwin, Carl D. Reintsema, and Mark Halpern

Abstract— C¢OVER 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.
C/OVER 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 finline-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 10~7 W/v/Hz)
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 C/OVER 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 C/OVER
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

HOMSON scattering of primaeval radiation in the early
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 C/OVER we hope to make an indirect
detection of a background of primordial gravitational waves.

B. Overview of CyOVER

The C/OVER experiment is described in detail
elsewhere[4]. C/OVER 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 CyOVER 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. C/OVER 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:

NEP;, + NEP% < iNE 1
Once the detectors are background-limited the only way to
improve the sensitivity is to increase the number of detectors.
C/OVER’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

2
photon
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TABLE 1
CyOVER DETECTOR REQUIREMENTS AT THE THREE OPERATING
FREQUENCIES.

Centre Number NEP Power
Frequency Band of Requirement Handling
(GHz) (GHz) detectors (1017 W//Tz) W)
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

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 CyOVER’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 C¢OVER’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 SiOz[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-um 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. CyOVER uses a 3-um Nb microstrip with
a characteristic impedance of 20 2 to deliver power to the
TES.

The detector chip's 225-um silicon substrate loads the
waveguide in which it sits, changing the waveguide im-
pedance. To prevent reflections the chip has a tapered end
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Fig. 1. Layout of prototype CyOVER detector chip.

Fig. 2. C/OVER 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

C/OVER’s bolometers are low-stress silicon nitride islands
suspended on four legs (see Fig. 2). The nitride is 0.5 pm
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-
Q 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 C/OVER 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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Fig. 3. Resistance versus temperature plot for one of the prototype C/OVER
detectors. The transition is about 3 mK wide from top to bottom.

Fig. 4. Prototype CgOVER detector chip. The chip is about 16 mm long.

shown in Fig. 3 is o = %% = Z—{:’—)’i—% > 100. We can also
tune the transition temperature (7) of the films to the desired
value by choosing the film thicknesses.

The operating temperature of C/OVER’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 T, = 190 mK, while the 220-GHz detectors require a base
temperature of 230 mK 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 C/OVER detector chip. We plan to carry out RF
measurements of the CpOVER 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
C/OVER’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
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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. C/OVER's
MCE is similar to that used by SCUBA-2[12].

B. Populating the Focal Plane

The feedhorns 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
chip.

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.

Multiplexer
PCB

Lower Block

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 wrapped in niobium foil
under which there is a layer of Metglas™ 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.
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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 CyOVER 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
experiment.
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?University La Sapienza, Roma, Italy
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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 interferometry 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.

I. INTRODUCTION

he 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 er 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. Zannoni, J. Nicholson and M.
Fischetti are with the Department of Electrical and Computer Engineering,
University of Massachusetts, Amherst, MA 10003, USA. e-mail: yngvesson@
ecs.umass.edu

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
nm 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 80um x 80um 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 k< to a few MQ. It is also known that the
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Siliconchip

(electrically insulated
from ground)

Figure 1. The experimental fixture used in this work.

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
dlI/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 1pm; 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 liquid” (“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-
SWNTSs 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
(S11) was also measured with an automatic network analyzer,
see Figure 4. This particular recording was obtained for a
CNT with resistance of a few MQ, but similar results were
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obtained for in total three samples. A resonance is seen at
about 1.28

C. Microwave Measurements
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Figure 2. Measured IV-curve for a SWNT at 77 K (right scale); dI/dV
based on the IV-curve (left scale).

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 S11, as shown in
Figure 4. For this fit we used the full S11 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 (AI) 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; = Al/Pyy = 455 pA/W, based on
the measured output power at the microwave source (Pyw).
The bias voltage dependence at 4K also follows that of
d*1/dV? 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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Figure 3. Detected DC current change (AI; points connected with line
segments) due to microwave signal at 900 MHz, compared with d°I/dV?
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Figure 4. Microwave frequency dependence of the detected DC current
change (at two power levels; left scale) and the magnitude of the reflection
coefficient S11 (right scale; dB units), compared with the data predicted from
the circuit model. Inset: Circuit model.

2

B e
80 o= i
s ", =
04 . T
. p Tl
40+ - {
o )
- 204 -
g
= 04
204 S
40 .
.
20 4 o
0 T T T T
2 4 6 3 10
Power [mW]

Figure 5. The DC current change (AI) 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 (Sy) by multiplying with the device resistance,
250 kQ, yielding Sy = 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, roughly in
inverse proportion to the resistance, and therefore have about
the same Sy. Using standard small-signal microwave detector
theory [20] we can calculate the current responsivity from the
following expression:

Al = (1/4)*(P1/dV?)* Vyw? %))
Here, Vuw is the peak microwave voltage. The factor

d1/dV? was calculated from the measured IV-curve, and is
compared with Al in Figure 3 (a) and (b). The small
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oscillations in the plot of d’I/dV* 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 Al at 77K agrees well with that of
d*1/dV?* (Figure 3). For a microwave power of 10 uW we use
Eq. (1) to estimate Al 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 f; (designated as the “Local
oscillator, LO”) and f, (“RF or signal frequency”), while
measuring the output power (or voltage) at the difference
frequency (IF), (|f1-f2 | ). 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 f;
and f, see e.g. Sazonova et al. [20]. Typical frequency
combinations used were f, and f, near 1 GHz, with an IF of 50
kHz. Again, parasitic circuit elements on the chip decreased
the mixer efficiency for f; and f, above 1 GHz. As for the
direct detection case, the response follows d’I/dV? when the
bias voltage is varied. This indicates that the heterodyne
detection mechanism is attributable to the IV-curve using
standard mixer theory.
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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
502 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 kQ
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 SWNTSs, 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 (Z, ~ 10
kQ [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 SWNTSs in the lower resistance range (e.g. parallel
CNTs; see the discussion of the parallel case of Schottky
diodes [7]).

TH1-1

3) Lower resistance SWNTs show nonlinear IV-curves at
higher voltages (above 0.2 V) due to the onset of optical
phonon emission [16],[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
casier 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.'” 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 pm length) SWCNTs.> 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.* 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.”®’ 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
SWCNTs 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 SWCNTSs, 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;; and AS,; to random errors are
of order 20 dB and the ratios of AS;; and AS5; to systematic errors is at least 10 dB.

At room temperature, we have found direct evidence that 1 to 3 pum long
SWCNTs have clear, frequency-dependent loss that scales roughly as 77
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', D. Yarekha' ,T. Crépin and D. Lippens’

"nstitut d’Electronique, de Microélectronique et de Nanotechnologie( IEMN)
Université des Sciences et Technologies de Lille
Avenue Poincaré, BP 69, 69652 Villeneuve d’Ascq Cedex, France

Michel.foulon@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].
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Niobium SupraMEMS for Reconfigurable Millimeter Wave Filters

M. Schicke', A. NavarriniZ, P. Ferrari3, T. Z(Spﬂ4, F. Wittmann®, W. Bedyk4,
G. Schrag®, and K. F. Schuster’

! Institut de RadioAstronomie Millimétrique (IRAM), 300 rue de la piscine, 38406 St.
Martin d’Héres, France
2Radio Astronomy Lab, University of California, 601 Campbell Hall, Berkeley, CA,
USA
3 Institute for Microelectronics Electromagnetism and Photonics, 23 rue de Martyrs,
38016 Grenoble, FRANCE
# 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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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 (2SB) SIS mixer
for the APEX band 1, 211-275 GHz.

All mixer components, except the IF 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 Terms—SIS mixer, sideband separating mixers,
quadrature hybrid

I. INTRODUCTION

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 um (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 RF 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 (2SB) 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 90°

Manuscript reccived Mai 31, 2006.

Authors are with the Group for Advanced Receiver Development,
Onsala Space Observatory, Chalmers University of Technology (e-mail:
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phase difference to two identical mixer junctions. The mixer
junctions are pumped by a local oscillator (LO) with either
0° or 180° phase difference.

%, us

=
3dB LSB S|

90°

hybrid TR
L ]muss,

LSB;E{LSB

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.

Figurc 2 The bottom parl 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
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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 A/4
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
S11<-10 dB over the whole LO band. The required sheet
resistance of the film forming the dot is obtained by
sputtering Ti in N, atmosphere, resulting in a Ti/N, mixture
with the desired resistivity.

TH2-1

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 SiO, 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.

Si0, Insulation

Figure 5 A picture of the superconducting IF hybrid. To achieve as compact
design as possible, the width of the hybrid matches the width of the mixer
block and thus can be connected without using only SMA adapters.

[II. 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.

1/2RF/-90°

4-8 GHz HEMT
Amplifiers
CH2

1/2RF/0°

Figure 6 A DSB mixer configuration for the initial tests.
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The DSB measurements were performed at different LO
frequencies and for different LO powers. These
measurements were used to choose optimum LO pumping
power and pairs of bias points where both mixers have
similar gains and minimum noise for each LO frequency.

LO Frequency = 245

\ ll‘ CAl cotiroLs ane

DSB nojse

Curment uA

e Mixer Gain

27 28

Z 23 24 25 28
Bias Voltage, mV

Figure 7 An example of mixer measurements in DSB mode. SIS mixer
gains can be extracted by mecasurements of the lincar region of the
unpumped [VC’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 amplificrs. The IF band is 4-8 Gliz.

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

TH2-1

sideband rejection is the difference between the peak values
at IF for both sidebands (the system IF gain is nearly the
same for both channels). This measurement is illustrated in
Figure 9.

266_288_c 266_28B_c
0 © -
et Pilot signal at LSB :I 1
o »
Pilot signal at USB

Py v o bt ; I

Leak of USB to Leakof LSBto |
4 USB |

. LSB/

d W

LSB IF Output

b
i

USB IF Output

3 4 5 6 7 8 9 3 4 5 6 7 8 9
GHz GHz
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.

Sideband Rejection
25 Y

wn

2"
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820 230 240 250 260 270
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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.

Receiver Noise Temperature

300 : : : -
n%' ! i o cm
250 ; ;

£ imex Ch2
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Noise Temperature (K)
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91 0 220 230 240 250 260 270 280
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.

147



17th International Symposium on Space Terahertz Technology TH2-1

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 20°
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 345GHz/460GHz 7-pixel heterodyne
array

S. Heyminck, R. Giisten, C. Kasemann, J. Stutzki, K. Jacobs, C.E. Honingh and U.U. Graf

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

also Fig. 1) in the submillimeter wavelength regime
(from Imm to 200 um). Currently, as first-generation
instruments, a single-pixel 345 GHz facility receiver {2] and
FLASH [3], a dual-channel 460 GHz/810 GHz MPIfR 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
CHAMP"-array [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 Universitit zu Kéln,
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. Giisten and C. Kasemann are with the Max-Planck-
Institut fiir Radioastronomie, Auf dem Hiigel 69, 53121 Bonn / Germany
(correspond to heyminck@mpifr-bonn.mpg.de, phone: +49-(0)228-525-176) .

J. Stutzki, K. Jacobs, C.E. Honingh and U.U. Graf are with the
L. Physikalisches Institut der Universitit zu K6ln, 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

limited space available and also because parts of the existing
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]
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Fig. 1. The zenith transmission of the atmosphere above the APEX site
for | 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-Scan-direction: 19.1° _—

o dark: 345GHz — Sub-array
& 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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filters, the diplexers, and the calibration unit as one monolithic
block (without the need of adjustment possibilities).

III. 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.

ceiling-mirror

4 beam-path\

460 GHz LO
\ 3

1600 mm

elevation bearing

hyperbolic mirror -~

Rx-select mirror 7

CHAMP+

beam-entrance with
cross-wire grid

calibration-unit

active mirror

460GHz CFG

345GHz CFG
730 mm S

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.

K-mirror (image de-rotator)
CFG for 460GHz

filter-unit

‘g ooling-machine

v v cryostat

calibration unit

345 GHz LO

345 SSB-filter

active mirror
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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
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
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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][10] provide the signal splitting
into the seven beams required. A CFG is a combination of a
diffraction grating designed to match the required beam-

200
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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.
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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 Universitit zu Koln 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 IF-band is specified to be 4-8 GHz while the goal for

y—offset [mm]

3]
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 V3 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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Fig. 6. Numerical simulation of the elevation dependency of one of
the oft-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 autocorrelator 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 correlator bands for each of
the pixels) with a spectral resolution of 1 MHz. A high-

- horn antenna

magnets

\
“mixerblock

_— SMA connector

Fig. 7. CAD-drawing of the cologne standard waveguide mixer block.
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resolution mode with a bandwidth of 2x 500 MHz and spectral
resolution of 256 kHz is also available.

TABLE 1
TECHNICAL DATA OF BOTH SUB-ARRAYS.
Sub-array v=1345 GHz v=460 GHz
Tuning range (baseline) <325-370 GHz 440 - 500 GHz
IF-bandwidth 4—8 GHz 4 —8GHz
Half power beam width 17.3” 13.37
Autocorrelator Backend
normal resolution mode
bandwidth 2 x1 GHz 2 x1 GHz
2 x870 km/s 2 x650km/s
channel spacing 1 MHz 1MHz
0.87 km/s 0.65km/s
high resolution mode
bandwidth 2 x500 MHz 2 x500 MHz
2 x435 km/s 2 x325km/s
channel spacing 256 kHz 256 kHz
0.22 km/s 0.16km/s

VI. REFERENCES

[1] Giisten, R., Nyman, L.A., Schilke, P., Menten, K., Cesarsky, C. and
Booth, R. "The Atacama Pathfinder EXperiment (APEX) — a new sub-
millimeter facility for southem skies —, A&A special issue 2006, to be
published.

[2] Risacher, C., Vassiliev, V, Monje, R., Lapkin, I. Belitsky, V.,
Pavolotsky, A., et al., “A 0.8mm heterodyne facility receiver for the
APEX telescope”, A&A special issue 2006, to be published.

[3] Heyminck, S., Kasemann, C., Giisten, R., de Lange, G. and Graf, U.U,,
“The First-Light APEX Submillimeter Heterodyne instrument FLASH”,
A&A special issue 2006, to be published.

[4] Graf, U.U.,, Heyminck, S., Michael, E.A., Stanko, S., Honingh, C.E.,
Jacobs, K., et al, “SMART, the KOSMA Sub-Millimeter Array
Receiver for Two Frequencies”, in Millimeter and Submillimeter Detec-
tors for Astronomy, 2003, (Proc. SPIE Vol. 4855, 322-329)

[5] Schuster, K.-F., et al., "The IRAM 230GHz multibeam SIS receiver”, in
Imaging at Radio through Submillimeter Wavelength, vol. 217, Astron.
Society of the Pacific, 1999.

[6] Giisten, R. et al. 1998, in Advanced Technologie MMW, Radio, and
Terahertz Telescopes, ed. T. G. Phillips (Proc. SPIE Vol. 3357, 167-177

[7] Giisten, R., et al., “CHAMP™: A powerful array receiver for the APEX
telescope”, in Proc of SPIE 2006 (to be published).

[8] Goldsmith, P., “Quasioptical Systems”, IEEE Press, 1998.

[9] Heyminck, S. and Graf, U.U, “Array-Receiver LO Unit using
collimating Fourier-Gratings”, Proc. of the 12" ISSTT, 563-570

[10] Graf, U.U. and Heyminck, S. 2001, “Fourier Gratings as Submillimeter
Beam Splitters”, IEEE Trans AP, Vol. 49(4), 542-546

152



17th International Symposium on Space Terahertz Technology ABSTRACT TH2-3

Focal Plane Heterodyne SIS Receiver Array with Photonic LO
Injection
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A-L. Fontana, B. Lazareff & A. Navarrini,
Institut de Radio Astronomie Millimétrique
300, rue de la Piscine-38406 St. Martin d’Heres Cedex - France

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 Millimétrique (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 10 uW in the 125 GHz — 175 GHz frequency range. This
was achieved for around 10 mW of optical input power, A = 1550 nm, 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 GHz 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

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.

Fig. 1: Photograph of the Band 3 cartridge (height is
508.5 mm)

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 (NAOJ). 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-TcxY
rec = ——-—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
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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;

1
Top = Trec(l +E)

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 @375K | @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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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 +/-25% of the average noise. An example
is shown in Fig 3.
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Fig 3: Narrow band noise temperature at LO=100 GHz,
Mixer at 4.00K, Pol 0-USB

The noise temperature of the Band 3 cartridge, using a 2SB
mixer, can be expressed by the following equation.

= 2(TreceiverDSB) + Loptics ]}wd -T, optics

receiverSSB

where

Tioad 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,
Topics=2.5 K, and L,,;c=0.4 dB

This analysis assumes a perfect image rejection since the
noise results in Fig. 2 have already been corrected.

And finally, T}.c.ierpsp is the double side band noise of the
mixer including the LO sideband noise which is less than
1K. 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
TreceiverDSB-

Treceivernss €Xcludes 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.

TH2-4

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 aresult, Teceiver psa is €qual 13K for best
mixer gain and noise, and can be up to 22 K in the worst
case.

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 hv/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 LSB

Hot Load LSB
Signal source in | LSB

LSB

Signal source in | USB
LSB

Signal source in | USB
USB

Signal source in | LSB
USB

Table 2. Configuration of the input and output ports for
the measurement of the image rejection. '

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.
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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.
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A 385-500GHz Balanced Mixer with a
Waveguide Quadrature Hybrid Coupler

Yasutaka SERIZAWA'?, Yutaro SEKIMOTO'?, Tetsuya ITO?, Wenlei SHAN??,
Toshiaki KAMBA?, Naohisa SATOU? Mamoru KAMIKURA'?

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 Spum. 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 ~12dB 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 70K/pW. 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 [1]), the sideband noise of a Gunn oscillator
is 7K/pW at the offset frequency of 0.8-1.6 GHz.

Index Terms—balanced mixer, LO sideband noise, noise
temperature

I. INTRODUCTION

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 [3], 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.
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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 GHz frequency band
[7]. The waveguide size is S08um x 254pm (WR2.0). The
design values and measurement values of the branch lines are
shown in Fig.1. The fabrication error is within ~ Sum.

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 pm. The fabrication error is within ~ Spum. The depth of the
waveguide is 508 pm.
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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 pum).

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.

In cryostat

LO

attenuator

Gunn Osc.

SIS Mixer 180-hybrid  LNA

{>_.

5}
Quintupler 90-hybrid IF

Corrugated horn

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.

IIIl. 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 Fig4 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.
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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.
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Fig. 4. The IV curves and noise temperatures of the balanced mixer in the IF
band of 4-8GHz. The LO frequency is 450GHz (band center).

25 3

|

160 Mixer A -m-Mixer B @ Balanced Mixer \77 .
140

120

<
g 100 \\ —
'9 80 NA
] |
2 60 ¥\_/
z |
40 i
20
o . . . . P
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 & which expresses the ratio of the LO sideband
noise outputted from the signal port is defined (see Fig.7).

Balanced Mixer

Hot or Cold 18 Signal Port
Tee ' s Psfgr'c~ hot 1 p'\.grml»“cvi
s o
TL()noise - +ne
) . 1 8
LO + LO sideband noise Noise Port
Toix 8 (<<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 Tni The leakage § is O if the balanced mixer works
ideally.

If the balanced mixer works ideal, the & 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. Pgig, and Ppise are the powers
outputted from the signal and noise ports, respectively. Then,
the following equations are derived. (Af: band width)

Eignal = IFsignalkB [(1 - J)TRF + {Tmix + 5]20—nuise}] Af (1)
Pnoi.re = GIFnoi:e kB [5T RF + {T mix + (1 - 5) ]},O—noise} ] Af (2)

Fig.8-10 shows the results derived from measurements with
integrated IF frequency of 4 — 8 GHz. The signal and noise
ports interchange with changing SIS bias polarity. The four
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data points from bias polarities of two SIS mixers were
obtained.

The values of § 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 (Tro.noise) integrated in the IF frequency of
4 -8 GHz.

Fig.11 shows IF-frequency dependence of 8, Tp, and
TLo-noise- The mixer noise temperature T, and the leakage 6
are flat over IF frequency from 4 — 8 GHz, but the LO
sideband noise Ty o.neise has large ripples. It is due to standing

0.16
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-—
3 5o N
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o . . . )
380 400 420 440 460 480 500
LO frequency [GHZz]

Fig. 8. The measurement result of the leakage &.
The difference of the colors expresses the polarity of two mixer biases.
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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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Fig. 10. Derived LO sideband noise (Tro-ise) 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 3, mixer noise temperature Ty,
and LO sideband noise Tr,o-noise-

waves in the LO path. The LO sideband noise without the
ripple was ~ 20K. TLo.neise at lower frequencies where there
wouldn’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
0.13uW [13], the input power for the balanced mixer is ~
0.3uW (3dB quadrature hybrid). So, the LO sideband noise
whose offset is 4-8GHz is 70K/uW (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 ~
TK/uW whose offset is 0.8-1.6GHz.

The shot noise is given as the following equation [14].

_ P 2e

T,, =t =1 R (3
shot kBAf kB bias ( )

Substituting Iy;,=0.2A and R=10V/0.2A=50Q (operating
values of the Gunn oscillator) into the above equation yields
Tao=2.3%10° K. The output power of the carrier signal of a
Gunn oscillator is ~3x10* pW. Therefore, the sideband noise
of Gunn oscillator is estimated to ~ 8K/uW or -160 dBc/Hz
from shot noise.

Following the above results, LO sideband noise for an

typical SIS mixer covering any frequencies can be estimated.« ¢

The LO power for a single-ended mixer at 100GHz is ([13])
2
N hf

n

P,=l 2R, = 0.017[w#W] 4

e
,where o, ~ 1, N;j (the number of the junction)=2, h: Planck
constant, f=100GHz, e: electron charge magnitude, and Ry
(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/pW] x 0.017 [uW] = 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

TH2-5

mixer operating at 1THz with 10 times multiplication would
have a sideband noise of 10 [K]x(1THz / 500GHz)* = 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/uW. Sideband noise of a Gunn
oscillator was derived to be ~ 7K/uW, which is consistent
with shot noise.
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A 385-500 GHz 2SB SIS Mixer Based on a
Waveguide Split-Block Coupler

Mamoru Kamikura', Wenlei Shan®?, Yu Tomimura®?, Yutaro Sekimoto'2, Shin’ichiro Asayama”, Naohisa
Satou?, Yoshizo Iizuka®, Tetsuya Ito?, Toshiaki Kamba®, Yasutaka Serizawa'*, and Takashi Noguchi*

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 (4f%) 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

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 (2SB) 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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Fig. 1. Block diagram of a 2SB mixer [3-9]. RF/LO coupler contains an RF
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 pm x 280 pm (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 TE10 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 1079 S/m, which includes
the effect of the surface roughness (~ 2 um) of the waveguide
as described in [11]. The conductor loss of the waveguide of
the RF/LO 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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Fig. 2. (a) Design of the RE/LO coupler. (b) Close-up of the side view of the
RF/LO coupler.

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. Itisa
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 pm 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 um
do not affect the RF performance.

B. Waveguide load
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'a RFin DSB Mixer
N (Port 1) [ // ///"//? / (Port 2)
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Fig. 3. Dimensions of the RF quadrature hybrid.
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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 S pum than the design values. Port
definitions are as shown in Fig. 3.
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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
uW 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 um do not affect the LO performance.
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\
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Fig. 5. (a) Shape of the waveguide load. (b) The simulated input return loss.
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Fig. 7. Mechanical tolerance of the slot widths of the LO coupler. The graph
shows transmission, and coupling when no mechanical error exists (ped lines)
and the branch-line widths are smaller (blue lines) or larger (green lines) by 5
um 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"7 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.
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Fig. 8. Measured (solid line with points) and simulated (dashed line) results of
(a) transmission and coupling of the RF quadrature hybrid, (b) phase
difference of the RF quadrature hybrid. The error bars were derived from the
reproducibility of the measurements. Port definitions are as shown in Fig. 2.
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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-AlOx»-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 (kfk) 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 Afk, 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
EU

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
1GHz.)
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 of frequency:
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
précised 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 fréquences «, in order
to get national protection against national interference and to
be registered in the international Master register.

INVITED-Nebes

II. - 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.U 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
Européenne des Postes 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 “Comité des communications électroniques”
(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
fréquences” (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 (DPSAIL
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 arelocation found in order to facilitate the
frequencies utilisation evolution.

La Direction du contréle technique du spectre ( DTCS )

Including seven 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.
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-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 fréquences
(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:

« Commission de planification des fréquences » (CPF),
dealing with the national allocation Table .

Around this main Committee, are gathered:

-“Commission d ‘assignation des fréquences” (CAF),
dealing with frequency registration.

-“Commission des coordinations aux frontiers”(CCF),
dealing with international coordination.

-“Commission de contrdle du spectre,”, dealing with
national monitoring policy.

b )_International aspects:
“Commission des conferences radioélectriques”, (CCR) to
which are gathered:

-“Commission des conferences des
radiocommunications” (CCR), dealing with preparation of
ITU conferences.

- « Commission de I’ Assemblée des
radiocommunications », dealing with preparation of ITU
radio standardisation and operational conditions meetings.

-“Commission des affaires Européennes”, dealing with
questions relating to European policy concerning radio
sector.

¢ ) Synthesis and prospective aspects:
« Commission de synthese et prospective »( CSPR), to
which are gathered:
“Commission de compatibilité electromagnétique” (CCE)
« Commission des revues du spectre (CDRS)
« Commission du fonds de réaménagement 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.

André 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) Inprimary 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 fréquency 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) Insecondary 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) OQutside 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 I 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
(UWB) 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 «Radio Spectrum Policy Group» engages an
action called «Scientific Use of Spectrumy. 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:
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*  Permanent band attributed for SRRs will be around
79 GHz
* Implementation of SRRs in band 23.6 - 24 GHz is
temporary
e  Maximum of 7 % of cars with SRR will be allowed
¢  Sale of cars with SRR24 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. Inshared 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.P. Korotetskaya, N.S. Kaurova, B.M. Voronov, and G.N. Gol’tsman
Moscow State Pedagogical University, Moscow, 119992, Russia, Email: onduty@rplab.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. H20 (2.5+10.7 THz), and CO2 (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? 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 2564 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 [5].

[t 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
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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'—”}—0 and
to 17%, respectively. In these expressions fro 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 (~ 500%) is 3 orders of magnitude higher than that
of covering Au layer (~ 0.8%). 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 THZz

The NbN HEB mixer designed for the frequency of 30 THz
do not have an additional planar antenna integrated with 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 IF contacts was patterned in a form of a rectangle
with dimensions close to 30 x 20 pm? (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

Fig. 1. RF current in the contacts between sensitive NbN bridge and
Au antenna. The small area where RF 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 ym 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 I'V—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

coooeopco
Pl
copoooo0o

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 z—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.
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Fig. 4. IV — curves versus LO spot for directly coupled NbN HEB.
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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 W [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 CO;
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:

U:
TS TW) (Du(v, Twe) — D (v, T)) dv

1

-where D, is the incident power per unit bandwidth, 7 (v)

is the dependence of the filter transmission versus frequency,
T, ~ 296 K and Ty, ~ 1200 K are the room and filament
temperatures, respectively, and U, is the response voltage.

In the experiments, U, was measured by a lock—in amplifier
for each filter of the set, and then the responsivity 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 HEB 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 um? (fig. 6).
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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).
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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].

IV. HEB MIXER FOR 10.7 THz LO FREQUENCY

The HO 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 um?, active area. The coupling of smaller
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 10202 and at 3.8 THz it is
about 17“,5—0 (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 & Welton
noise temperature is about 2300 K that is close to SHELQ.
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Fig. 7. LO pumped IV-curves for 5 x 5 pum? device at 10.7 THz.

For 30 x 20 pm? device the optimal absorbed LO power is
about 20 uW. 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 um? device
that is smaller than the radiation spot and did not have enough
LO power to pump 30 x 20 um? 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 (SOI) 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.

Signal
Probe
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1.9 THz and 1.4 THz waveguide mixers with NbTiN HEBs
on Silicon Nitride Membranes

P. P. Muiioz, S. Bedorf, C.E. Honingh, K. Jacobs'

KOSMA, 1. Physikalisches Institut, Universitit zu K6ln
Ziilpicher Strae 77, D-50937 K&In, 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 0.4x4um consist of 3-5nm thick NbTiN films deposited at
800°C on Silicon wafers covered with a 2um thick layer of low-stress Silicon Nitride. The
waveguide probe and the RF 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 59um x
133pm is stamped 59pum 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.

' E-mail Jjacobs@ph!.uni-koeln.de
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IF Impedance and Mixer Gain of Hot-Electron Bolometers and
the Perrin-Vanneste Two Temperature Model

J. W.Kooi', J. J. A. Baselmans?, J. R. Gao’, T. M. Klapwijk®, M. Hajenius’,
P. Dieleman®, A. Baryshev®, and G. de Lange”.

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 (T,) 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 HEB 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 T;=12K.

Both the measured impedance and calibrated mixer gain data are used to determine
(fit) values for teph, tesc, and ce/cpn 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.

!California Institute of Technology, MS 320-47, Pasadena, California 91125, USA.
Efmail: kooi@caltech.edu, http://www.submm.caltech.edu/cso/reveivers.html

2SRON Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands.

*Kavli Institute of Nanoscience, Faculty of Applied Sciences, Delﬁ University of Technology,
Lorentzweg 1, 2628 CJ Delft, The Netherlands.

“SRON 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 fW (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

osmology experiments in the last few years (WMAP,

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, Py,
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]-[6]. The SQUID readout has been already
developed for TES bolometers with typical sensitivity of 1
pA/Hz'. 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 um?. 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 BOLOMETER 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.

13.7
billion

A\

E‘In [ & l- %
C-coupling to the
antenna,
thermal isolation,
P measurements &
V. | electron cooling

dc-coupling to
the antenna &
thermal isolation

SQUID

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 ps.

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

TH3-5

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 (VT )+3A(TS =T 2 2R
cool V- Te- ph)+ (T - ph)+F+ ab.
j

dr ()
s +CAE =P0 +06P(t)
Here, SA(T) - T;h) is the heat flow from electron to the

phonon subsystems in the absorber, £ is a material constant,
A - avolume of the absorber, T, and T, are, respectively,
the electron and phonon temperatures of the absorber;

P, V,T,,T,,) - cooling power of the SIN tunnel
junction; C, = AyT, is the specific heat capacity of the
absorber; Rj — resistance of tunnel junction; Rabs —
resistance of the absorber; P(?) - the incoming rf power. We
can separate Eq. (1) into the time independent term,

5 5
ZAan - Tph ) + Pcool 0 (V,Teo ’Tph ) = Po, and the

time dependent term,

oP, 4
(—£99L |\ SSAT)" + iaC p )OT = &P

2
oT
The first term, G ool = aPcool / aT , 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 07T because cooling power, P,os,
compensates the change of signal power in the bolometer.
The second, G e—ph = SZATe4 , is electron-phonon thermal
conductance of the absorber. From Eq. (2) we define an
effective complex thermal conductance which controls the
temperature response of CEB to the incident signal power
Gejf = Gcool + Ge—ph + icuCA (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 [4],[6]. The
sensitivity of the device is then characterized by the current
responsivity Sy, which is the ratio of the current change and
the change in the power load of the bolometer,

ol ;
S1=-i= al/oT ' _olloT L 4
de Gl +Ge—ph +inCy Gcool (L+ 1)[l+z(or]

where L = Goyop G, _ gy >> 1 is ETF gain and

T=Cp[Go_pp =70 [(L+D )
is an effective time constant, 7 = C A / Ge— ph (= 10us at
100 mK).
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Strength of electrothermal feedback is estimated as:
G ool oI /9T (6)

Go_pp 1+ iwT)

L(w) =
Geool +Ge— pht iwCA
Noise properties are characterized by the NEP, which is the
sum of three different contributions:

or’
NEF.,, = NEP’ , + NEP;, + o )

1
NEP2 . = 10k, ZA(T? + 6) ®)

is the noise associated with electron-phonon interaction;
NEP? SIN is the noise of the SIN tunnel junctions, and the
last term & I2/S2 [ is the noise of an amplifier (SQUID), 4/
which is expressed in pA/Hz 172

The noise of the NIS tunnel Junctlons NEP? SIN - has three
components: shot noise 2e/S? > the fluctuations of the heat
flow through the tunnel junctions and the correlation term
between these two processes

2
P, = 0P - 2 OR.0l, 5L2) . )
S5
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 (Py =4 pW) [3] for fixed sensitivity of the SQUID-
amplifier (0.5 pA/Hz'?) [8].

Photon noise: - * . 10
NEPphO  =2R (10)
For channel 140 GHz: NEPphot=2,7*10"" W/Hz'.

The total NEP of CEB should be less than photon noise.
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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%10" W/Hz". Current resposivity Si is shown for both cases referred
to the right axis. Parameters: ium;=0.5 pA/Hz'? (SQUID), R=0.2 kOhm (one
junction), Vol=0.03um’*(single junction) and 0.05um*(double junction),
power load P, =4 pW.
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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 um?, 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 NEPamp (SQUID) related directly to
the responsivity Si (7). The responsivity is determined
mainly by cooling conductance Geool (4). The Geool 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.
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3510 - : — 07
wo mK / ,«/ m
310" 2 NEPtof » / 06 §

, X
NEPphot | =3 A § =
25107 | AN A7 05 S
g 100mK | “ssc < / T

N = el L. ]
§ 210" NEPtot ; NEPamp- -/ 0-4-?”
LS
- AT fizean. 3 . J"/'" =
g o PR, J00MK e 08 7
= T qoomK | /7 B
110" < 02 x
. 300mK 7~
“ NEI’sm/4: 100mK
5107 [ ————————"[=="_1300m ==+ 0,1
P I R i00mK ~~"~~~7]" " NEPe_ph
07 075 08 08 09 09 1 1,05
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 CEB are the same as for Fig.
2 iump=0.5 pA/Hz"*(SQUID), R=0.2 kOhm, A=0.03um’, P, = 4 pW,
NEPphot=2,7*10"" 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 kQ and 0.1 kQ. 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
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Fig. 4. Dependence of the NEP of a single junction CEB on voltage for two
SIN junction resistances: 0.2 k2 (solid lines) and 0.1 k< (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 um? to 0.5 um?.
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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,,,=0.5 pA/Hz"?, T=300 mK,
A=0.03um’, P, = 4 pW, NEPphot= 2,7*10""7 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 Q to 25 Q related with
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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 dc 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 T, of 11.8 K, which is the highest T,
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, of 9.4 K have a
thickness of around 5.5 nm, being thicker than expected (3.5
nm).
thin

Index Terms—Hot electron bolometer mixer,

superconducting films, NbN film, and 3C-SiC

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 application®. 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 (7,)*. 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 pm thick, while the NbN films were
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realized at Moscow State Pedagogical University (Russia),
Due to the perfect lattice matching, a 3.5-4.5 nm thick film
shows a T, of 11.8 K, which is the highest T, 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 al’. 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 7, of 9.4 K have a
thickness of around 5.5 nm, being thicker than 3.5 nm,
which is expected from the sputtering rate calibrated from
thick NbN films*. Figure 3 shows two HRTEM micrographs
of NbN on Si, one being for the film with a T, of 9.4 K and
the other being for the film with a slightly higher T, (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”® and input
parameters from standard NbN films on Si, simulations
predict that the new film can increase the IF bandwidth by at
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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 T, favors a shorter thermal time constant because of
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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
witha 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, of 9.8 K. The glue in this case is remained.

188



17th International Symposium on Space Terahertz Technology

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’ and is also valuable for
correctly modeling'® and further improving HEBs.

1.0
£
S
D o5t
[0}
X
=
—— 7.6 GHz, 3.5 nm NbN/SiC, 11.8 K, N
~- = 2.7 GHz, 6 nm NbN/Si, 9 K : S
0.0 s T
0.1 1 10

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.
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MgB; thin film terahertz mixers

S.Cherednichenko*, V.Drakinskiy

Abstract— Thin film (20 nm) MgB, 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 ~2000 K at 2 GHz IF. The noise
bandwidth was measured in the IF range of 2-5 GHz.

Index Terms— MgB,,
interaction.

mixer, THz, electron-phonon

I. INTRODUCTION

Superconducting hot-electron bolometer mixers have been
under intensive investigation after early publications in 1990®
[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 (¢/>1, where g is the phonon wavelength, and / is
the electron mean free path), where electron diffusion
coefficient D, 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 (~(D.7)"°, where 7 is the time of electron inelastic
scattering, which at LHe temperatures occurs mostly on the
phonons, t..,;), the bolometer response time is proportional to
the bolometer length. E.g. for Nb, (Dete_,,;,)o's—'l wm. 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 7., =10ps at 10K [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@
mc2.chalmers. se).

1.6THz and 1100 K at 2.5 THz [6, 7, 8], 6400K at 5.2 THz
[9]. NbN films technology is able to provide films as thin as
3 nm with T, about 9K. Currently, the bottle- neck of the hot
electrons’ relaxation process is the phonon escape from the
NbLN 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, films.

A. DC characterization of MgB, microbridges.

The MgB, bolometers were lithographically made as
2x1 wm? bridges in a feed point of a planar spiral antenna [8].
The nominal film thickness is 20 nm with a T, of about 25 K.
The normal state resistivity of thicker MgB, films has been
quoted to be in the range from 4-8 uOhm-cm [13,14] (which is
factor of 5 higher than normal state resistivity of bulk samples
[15]) to 20-80 uOhm-cm [16]. The RF resistivity in MgB,
films is defined by the m-band (2A=kT~=1.7 meV). At 1.6THz
the photon energy is 6meV.
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Fig. 1. Resistance versus temperature dependence for the MgB, 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 MgB, 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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homogeneity.

Bias current (uUA)
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-0.8 12 32 52 72 9.2
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Fig. 2. Current- voltage (IV) curves of the MgB, mixer at 42K bath
temperature: without LO power (a) and with LO power applied (b-¢). The
maximum mixer gain was obtained for //-c. The zero current corresponds to -
0.8mV 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 (IV) 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(T) curve (Fig. 1). The critical current /, is
105 pA, what for the given film dimensions results in the
critical current density j=2.6:10° AJcm’. 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 dc resistance (Uy/1,) on all bias points from Fig. 2
does not exceed 120 Ohm, which corresponds to the low
temperature tail of the R(7)-curve. The maximum RF
responsivity  (recorded during the gain bandwidth
measurements at 0.6 THz) corresponds to the I/V-¢ and
therefore does not coincide with the maximum dR/dT.

B. MgB, mixer gain bandwidth.

The time constant 7 of the MgB, bolometer 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 /V-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

TH3-7

experimental curves can be approximated with a single-pole
Lorentzian G(O)/[1+(2nﬁfr)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 f,=1/(2r7) which determines
the mixer gain bandwidth. The maximum IF respons was
observed at the LO power corresponding to the /V-c at the bias
voltage 2-3 mV. At these points (2 mV, 84 pA; and 3mV,
87 wA) the mixer gain bandwidth is 2.3-2.5 GHz (Fig. 3). For
higher LO power (2 mV, 77 nA) and for higher bias voltage
(5mV, 90uA) the gain bandwidth increases to
correspondingly 3 GHz and 6 GHz.

27
29 ~ 5mV,90uA
31 —6GH
33 4 2mV77UA
& —3GH
2 3% X 2mV,84uA
g 971 | —256H
2 .39 a 3mV,87uA
w o491, |—230H
£ 4
5 45
% 47
49
51
53 A
55
100 1000 10000

Intermediate frequency (GHz)

Fig. 3. Intermediate frequency response of the MgB, mixer at two different
LO power levels and different bias voltages. The LO frequency is 600 GHz.

C. Mixer noise temperature.

The MgB, mixer noise temperature was measured at 1.63 THz
LO frequency. An optically pumped FIR laser was used as the
LO source. A 2-4.5 GHz 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. At room
temperature the IF chain consisted of 58dB extra
amplification, 1-9 GHz tunable Yig-filter (50 MHz
instantaneous bandwidth), and a low noise power meter. In the
optical path, two Zitex (250 um thick) IR filters were installed
on 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 7, was then
calculated by taking into account the known RF losses in the
air, cryostat window and the IR filters. Finally, the 7, was
corrected for the reflection between the mixer and the antenna
which is caused by the impedance mismatch: R= (Z,,-
Z,,,)Z/(ZL,,,,+Z,,1)Z , where Z,,~=100 Ohm is the calculated antenna
impedance, and Z,, is the MgB, mixer normal state resistance
(=2000 K). It results in R=0.18, ie. about 7.5dB. 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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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).

1I. CONCLUSION.

The gain bandwidth of 2.5 GHz obtained with the MgB,
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 MgB, 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/dl) 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 Drakinskiy®

2Chalmers 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 R(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. 1).

Exposing this film to aggressive reactants will remove atom for atom of the film. Keeping in mind, that only
close stochiometric NbNg g2...1.08 Will exhibit superconductivity at elevated temperatures, it becomes clear that
any replacement of NbN by NbO 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 3.5um..5.5um) 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 R(T) curve for a specific attack
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, Kemigarden 9 , SE 412 96 Géteborg, Sweden

Figure 1. Atomic Force Microscopic cross section of a NbN film used for HEB 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
nonequilibrium heating properties, IV curves are calculated. In a fourth step, these nonequilibrium heating curves
arc used in a small signal model: The small signal model describes the current and power distribution in the HEB
as a function of a (dominant) heating and a (small) beating term at 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 consistently) obtained local critical current density. Classical expressions as conversion gain, quantum
noise, thermal fluctuation noise and thermal noise can be derived from the small signal model. Nevertheless,
the journey is not finished here: Creating hot spots in this random structure occurs almost instantaneously (at
the time required to expel the magnetic fields from a previously superconducting area). The hot spot model
here is no longer limited to a single normal conducting area but normal conducting random islands are created
in regions where the heating conditions for local superconducting breakdown are fulfilled. Having created a hot
spot, the delivered heating power is used much more efficiently than in the superconducting case due to local
Andreev reflection boundaries. Therefore the film will exhibit local hysteresis (clearly seen in underpumped IV
curves on HEB). In addition this hysteretic behavior explains part of the 1/f noise seen in HEB receivers. Small
spontaneous fluctuations 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
clement. 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 [4 : j] on the mesh, one has to solve Kirchhoff’s
law requiring the continuity of currents:

Liourceij — Iground,i—1,; = Ix5 + v — Ivij—1 — Ixi-1;j (1)

There Isource,s,j is the current injected at the node [, j] (mostly zero expect at the outer terminals), Igrounds,;
is a current flowing from the node directly to ground (set zero here) and Ix (Iy)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
dircction (c.f. 2). In this part of the analysis Y ;:; = 0.

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. Ome arrives in a linear set of
Equations with the nodal potentials ¢; ; as unknown variables.

Ixi;=Yxij (0i; — Oit1,5) (2)
Iy = Yy (bij+1 — dij) 3)
Ig'rou'n,d,i‘j = YG,i,j . (¢1,J) (4)

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 filin are obtained using

nll,i,j

Yx,ij= [TOJ] Yox.i,j (5)
n[2,i, ]

Yy = h*[ NOIJ] - Yoy, (6)

where the "zero values” Yy are taken from shect resistance measurements. Assuming a certain number
of atomic layers to be present in the film (e.g. N = 5 for a 354 thick film), the initial state matrix is set
nf...,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 ~ OAlan% according to the thermodynamics of a binary process, a fit parameter 3 ~ 1.2+
and the values for the protection layers are found in Table 1 :

Ftattacks
= W = ﬂ * Tprotection - CH20 * eaT (7)
From aging experiments comparing a set of protection layer technologies with each other, one finds delay
g ) p
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.
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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
SiOy 1.90

Si 3.1

Si+ Si 4 Worst Case
Si+ Si 11 10 devices
5109 + SiN 13

o 200 400 600 800 1000 1200
Aiftack 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 resistors linking the neighboring sections of the film contain
the diffusion cooling process.For the phonon cooling one obtains:

1 -1+1 —2+4 -2+

Po m Tu_‘_PLQ o ] T“+P£Q m Tu+ Pro m
T(P) = Yot Vypomon P = (T + Tl ) V4 75°) p(Er ) T @)
o o 2 u? o 2p02

®)
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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 [4, 5] are indices referring to each resistor and are related to the voltage
node indices by [z,5] = [i + 3,7] for a horizontal (X) thermal resistor and [i,5] = [¢,j + 3] for a vertical (Y)
thermal resistor. Now the heat flow from and to each node 1 are related to the electron temperature T by:

le;E = Y;Shermal,X,;Z,; (T) ) (T';} - T%-{-l,j) (9)
Q/)Yj,;' = thhermal,)’j,j (T) : (EJ+1 - T';,j) (10)
wg’round,%,} = thonon,;j (T) ! (11;,5) (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. 1uA ) 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 509 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 Y, .., 5 = takes the form of a first order low pass RC circuit.

L

—1+4+1
, w, Po\* )
T;j = YO + Y;7honon -P= TO + — +upo
i g

(To" + 2=

e P 12
1+i- TphononWIF ( )

From the power dissipated in the load resistor, the conversion gain of the HEB is readily obtained.
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Voltage [mV]

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 0nW 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 30k H z and 2M H z 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.
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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 pm, 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. Curront Densiy (Aem)
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Phase-locking and Linewidths of a Two-color THz
Quantum Cascade Laser

J.N. Hovenier*, A. Baryshev”, A.JL. Adam*, I. KaSalynas*, J.R. Gao*!, T.O. Klaassen*, B.S. Williams?,
S. Kumarf, Q. Hu$, J. L. Reno’
*Kavli Institute of NanoScience, Delft University of Technology, Delft, The Netherlands
TSRON Netherlands Institute for Space Research, Groningen/Utrecht, The Netherlands
fKapteyn Astronomical Institute, Groningen, The Netherlands
§Department of Electrical Engineering and Computer Science and Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, U.S.A.
9Sandia National Laboratories, Albuquerque, U.S.A.

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 virtnally 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 lasersl
(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/Aly.15Gap g5As quantum-well modules, with a total
thickness of 10 pm. The cavity of the QCL is a double-sided
metal waveguide, which is 40 pm-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 7.77. As a result,
ness 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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ITI. 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

IR-Labs Liquid Helium
Cryostat

0.1-12 GHz 2-11 GHz HEBM
LNA

isolator

7.7 GHz

Spectrum
Analyzer

EIP Model 575
Source Locking

Microvave counter

10 kHz RBW max

27300 27360 27420 2.7480 27540 27600 112z Radiation

TH4-2

Active region .

FTS spectrum of two moded QCL (to the left) and layout of QCL chip (to the right).

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 EIP 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 bandwidth allowed by the EIP
575 counter is 10 kHz. This bandwidth can be reduced by

Leybold
Flow Cryostat

- - - QcL  Thermometer
& Heater
PLL Bias current
gain

1

| ——— |
1 e
=
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Battery

Car Battery

Fig. 2. Schematic diagram of the experimental setup to phase lock the beat signal of a two-mode THz QCL. Additional attenuators in the warm IF amplifier

chain are not shown.
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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 10 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
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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]

Ny  whu(Av,)?
Ny + N, P

Here N, are the populations in the upper and lower

AVST =

(hH

204



17th International Symposium on Space Terahertz Technology

Points: exp. data X .
line: Lorentzian fit +4 RBW:10 KHz
= FWHM Linewidth:12.6 kHz
3
s 0.8 E
g
o
Q
g
2 0.44 E
»
3
3]
0.0 T
7.72390 7.72400 7.72410
Frequency (GHz)
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.
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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; Ay, is the cold cavity linewidth that equals
avg /27 with the group velocity v, and the total loss « of the
waveguide and mirror losses & = v, + a;y,; P is the internal
power in the mode relating to P,y by Pour = amP/a
We assume Eq. 1 to be valid for each of the two emission
lines. Using the following parameters: N/(Ny — Np) ~1.3,
ay ~20 cm~! at 2.7 THz, o, =2.2 cm ™!, and P,y; ~1 mW,
we derive a Schawlow-Townes linewidth Avgy = 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. | 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

TH4-2

independent of heat-sink temperature up to 12 K (the internal
lattice temperature is likely higher), beyond which a sharp
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.

V. CONCLUSION

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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A 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 phase photo
laser 1 modulator | MZl | mixer
hom
amp
f 224 GHz
YIG X2
_’ radiated
mm wave

fig.1 open loop system

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
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part of the am signal above the WR3 homn 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+ 2 J,(2aK,) cos((rwe / Wy ) + nwyt) 1)

where n ranges from plus to minus infinity, V is the
amplitude of the output signal, . is the optical angular
frequency before modulation, and w,, is the modulation
angular frequency. J,(2aK,) is the Bessel function of the
first kind with 2aK, as the argument. The quantity, aK,, the
peak phase deviation of w,, is the product of the amplitude
of the modulation signal ,a, in volts and the optical phase
modulator response, K;, in radians / volt.

An examination of expression (1) shows that:

a) The photomixer output contains harmonics of the
modulation frequency wp,.

b) Given J, = -1" J, and cos(8) = cos(-8), when . / wy, is
an even multiple of m/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 =
phase shift at w,.

¢) Given cos(0 +n/2) = —cos(-0 +mx/2), when nw, / o, is an
odd multiple of /2 then the even harmonics cancel and only
odd harmonics appear at the output.

d) When nw. / o, meet the conditions of b) or c) the
amplitudes of the harmonics are determined by 2aK, .
Increasing the power into the optical phase modulator RF
port will increase the number of harmonics.

e) For values of nw, / oy, 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, w, , 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'° 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'! rad / sec, about m,,. 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 tw
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

e
laser

Kp = radians / volt l e - aKpom sin(mmt)

phase modulator |

®Om MZI
a = amplitude

SCARERS

e - aKpom sin(wmt) +
photo we + aKpoim sin(mmt)

2aKpwm sin(omt) =—————— mnixer

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]
(d9/dt , where 6 = 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 m radian phase delay at the modulation frequency.
The instantaneous difference frequency then becomes:
2aK, 0, sin(wpmt)
= w + aK, 0y, sin(wgt) — (0 + aK, oy sin(wyt +r))
= w + aK;, 0y, sin(0nt) — (0, - aK, 0, sin(wgt )).
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Fig.4 laser temperature vs single tone power
and photomixer bias current

The resulting instantaneous frequency, 2aK, o, sin(wpt),
describes a sinusoidal chirp. The maximum frequency of the
chirp is equal to twice the product of the peak phase
deviation, 2aK, and the modulation frequency, wy,. As the
modulation frequency is moved away from FSR/2 the
maximum instantaneous frequency of the output is reduced.

TH4-3

III. 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 w,. The multiples
of the modulation frequency, w,,, 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 | MZL | —— mixer
G horn
amp photo
mixer 224 GHz
YIG X2

radiated
mm-wave

harmonic
mixer

l.—i diplexer —|

fig. 3 closed loop system

I phase lock loop

. 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 7.4um 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 /%, )*,where 1, is the
coherence time of the laser and v is the path delay of the
MZI. The value of (/T )*is very small for a MZI with a
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free spectral range of 75 GHz (a delay of 1.3*10"'s) and a
laser coherence time of 10 s.

V. ASTRONOMICAL OBSERVATIONS

The photonic local oscillator was installed in antenna 6 of
the Submillimeter Array on Mauna Kea, Hawaii, and tuned
to 224 GHz. 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 HII 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 13C0O2-1 and 12C0O2-1
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 12C0O2-1
line from G138.295+1.555 at the correlator ouput.

R = ok ) A

e aad

B P A I P R A, ,,1;,»5»'2. .-w' a2
o Pk b APV AN r';“'ﬁ)
A 22:00 22:16 22:20 22:30 2:0 22:50 23:00 23:10 23:20 23:30

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 SmA, 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

TH4-3

Beacon observed with the Photonic LO tuned to 227.20 GHz
. . v ! ' : - . .

gi 80
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i 5.’IE PN - 5‘.2 ' ‘
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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earlier ISST proceedings [7] and may be a useful
background.

Fig.7 12C0O2-1 spectral line observed in source
G138.295+1.555

(1]

[2]

3]

[4]

51

)

7

209

REFERENCES

R. Blundell, “ The Submillimeter Array Antennas and Receivers”
Proceedings of the 15" International Symposium on Space Terahertz
Technology, April 27-29, 2004, p. 3

P.G. Huggard, B.N. Ellison,“Efficient Generation of guided
Millimeter-Wave Power by Photomixing” IEEE Photonics
Technology Letters, Vol.14,NO.2, February 2002.F.G. Stremler
“Introduction to Communication Systems” Addison-Wesley, third
edition page 320

F.G. Stremler, “Introduction to Communication Systems” Addison-
Wesly, third edition, 1990, p. 320

T. Hunter “ A Submillimeter Imaging Survey of Ultracompact HII
Regions” Thesis, California Institute of Technology, Source DAI-B
58/01 July 1997.

0.1. Kotov, L.B. Liokumovich, V.M. Nikolaev, V.Yu. Petrun’kin, and
Zekhraui Buabid, “Conversion of phase modulation of light into
intensity by means of an external fiber-optic interferometer” St.
Petersburg State Technical University, Pis’ma Zh. Tekh. Fiz. 23, 9-
16, May 26, 1997.

E.J. Bochove, and EM. de Carvalho, “Conversion of a wideband
frequency-modulated signal to amplitude modulation through
dispersion in an optical fiber” Optics Letters, Vol. 7, No. 3, March
1982.

R. Kimberk, CE. Tong, H. Gibson, R W. Wilson, R. Blundell, S.
Paine, and T.R. Hunter, “ An Interferometric Microwave Comb
Generator” Proceedings of the 13" International Symposium on Space
Terahertz Technology, March 26-28, 2002.



17th International Symposium on Space Terahertz Technology

TH4-4

Performance Improvements in Low-Noise
Oscillators and Power Combiners with
Harmonic-Mode InP Gunn Devices

Heribert Eisele, Senior Member, IEEE, and Ridha Kamoua, 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 mW at 285 GHz and 2.7 mW at 316
GHz with combining efficiencies of more than 65%. In a third-
harmonic mode, the best devices generated 45 yW at 409 GHz, 40
uW at 412 GHz, and 40 W at 422 GHz.

I. INTRODUCTION

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 J-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 LS2
9JT, United Kingdom (e-mail: h.cisele@leeds.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.sunysb.edu).

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 pum 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.

>2x10"%cm™3 >2x10"%em™ >2x10'8cm= >2x10%cm3

| e 1,15 M | ] 1.1 M m—|
2.9%10'6cm™? 3x10"%cm™3
r2n10%om ettt
n* n~ n*
(a) ®)

Fig. 1. (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 mW
(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 InP Gunn devices on diamond heat sinks, operat-
ing in a second-harmonic mode in the frequency range 270-350 GHz. l:
doping profile of Fig. 1(a); @: doping profile of Fig. 1(b); ©: power-
combined devices with doping profile of Fig. 1(b). Numbers next to the sym-
bols denote dc-to-RF conversion efficiencies in %.
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Fig. 3. Comparison of the predicted RF performance of InP Gunn devices
operating in a second-harmonic mode in the frequency range 180-320 GHz.
W: 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
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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%.

A

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 mW. 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 mW at 284.8 GHz, which corresponds to a com-
bining efficiency of 85%.

TABLE I
RESULTS OF DUAL-CAVITY POWER COMBINING WITH INP GUNN DEVICES IN A
SECOND-HARMONIC MODE

Device | Frequency | Power | Overall | Power | Power |C F Freq
Pair # A&B |Efficiency| A B Efficiency A B
[GHz] [mW] [%] [mW] | [mW] [%] [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 34 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 27 0.12 15 14 65 (esty! 325.0 325.0

* 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.
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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 ym 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
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than 45 uW at 3f; = 409 GHz and 40 yW at 35, = 412 GHz
from device A with the doping profile of Fig. 1 (a), and 40 yW
at 3f; = 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 xW. 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].
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Fig. 6. Schematic of the WR-6 waveguide cavity, WR-3 waveguide section,
and conical horn for third-harmonic power extraction.
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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 2f; = 409/1.5 GHz
and 2f, = 412/1.5 GHz from device A. Only a weak signal with
less than 2 W was found from device B at 2f; = 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
uW in Fig. 8 agrees reasonably well with the aforementioned
value from the quasi-optical power meter at 412 GHz.
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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
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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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