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Abstract i

Abstract

This thesis describes the demonstration and the application of a low noise Superconduc-
tor-Insulator-Superconductor (SIS) mixer for the Atacama Large Millimeter/submillimeter Array
(ALMA) band 10 covering the frequency range of 0.787-0.950 THz. The ALMA is one of the
largest ground-based astronomy projects for the next decade. The ALMA telescope covers
atmospheric windows in the frequency range from 30 GHz to 0.95 THz, which is divided into 10
frequency bands. Band 10 receivers of the ALMA, which is the highest frequency band, are expected
as a key frequency band, e.g. for imaging observations with the very high angular resolution to
detect the gaps created by planets undergoing formation in the disk. To enable such a challenging
observation, band 10 receivers requires ultimate performance with a Double SideBand (DSB) noise
temperature below 230 K (5hf7kg) for 80% bandwidth and 344 K (7.5hf7kg) for 100% bandwidth
over the 4-12 GHz intermediate frequency (IF) band. The final goal of this study is to develop low
noise and wideband SIS mixers so as to meet the specifications and to enable such challenging
observation of ALMA band 10 by demonstrating high performances for each component.

SIS junctions should be the most sensitive mixing elements in this frequency. However, there
have been no mixers currently available that satisfy the requirements of both low noise and
wideband operation for the ALMA band-10 specification. This is because, thus far, well-established
all-Nb SIS mixers can not be used due to radio frequency (RF) losses in their microstrip tuning
circuits which increase significantly as a result of the onset of pair-breaking above the Nb gap
frequency of 0.7 THz. For example, RF signals are attenuated by more than 60 % per the wavelength
in this frequency range. Besides, the RF fractional bandwidth of about 20 % is a critical problem for
achieving the specifications as well as the quantum limited sensitivity. Since an SIS junction has a
large capacitance, RF bandwidth might be limited by wRC. For this reason, it might have been
believed that the SIS junction’s current density (J;) is the most important factor to make the RF
bandwidth wider. This implies that high J, (>20 kA/cm?) SIS junctions with very thin barrier have to
be developed.

For solving these issues, we have performed the investigation in detail by both design and fabri-
cation approach. Chapter 1 offers introduction to show the importance and position of this thesis. In
chapters 2 and 3, theoretical verification and feasibility of material combination for the band 10
mixers are discussed. Chapter 4 presents investigation of SIS mixers with Nb/AlO,/Nb junctions and
new microstrip configuration using epitaxial NbTiN films and normal metal. The device based on
NbTiIN showed a receiver noise temperature of 171 K at 0.83 THz. On the other hand, the detailed
analysis of mixers on the basis of numerical simulations was consistent with the experiment results,

and it revealed a possibility of further improvement in the mixer performance. Chapter 5, which is
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the core of this thesis, describes the demonstration of a wideband and low-noise SIS mixer satisfying
for the ALMA band-10 specification. The SIS mixer adopted Nb/AlO,/Nb junctions with a moderate
current density of 8 kA/cm® and low loss NbTiN/SiO,/Al inverted microstrip lines. Optimal
impedances of the twin-junction circuit are theoretically investigated so as to achieve both low noise
and wideband performances simultaneously. The heterodyne measurement results of this type of
device showed quantum limited mixer sensitivity and wide bandwidth. Chapter 6 presents the design
and the analysis of low-noise IF systems using state-of-the-art noise amplifiers and low-loss isolators.
In addition, the improvement of frequency dependence of IF noise temperature and output power by
detailed system consideration including the SIS mixer will be described. Chapter 7 provides the
development of a waveguide SIS mixer incorporating LO directional coupler. The insertion loss of
the waveguide and coupling factor of the LO coupler were evaluated at both room and cryogenic
temperatures. The mixer block was designed on the basis of the characterization. Finally, we present
the result of achieving ALMA band 10 specification. Chapter 8 summarizes the achievement
described in this thesis. Low-noise waveguide SIS mixers developed in this work will be installed
for the ALMA band 10 receivers. In addition, we believe the instrument and the technologies of the

design, fabrication, and measurement will be applied for a variety of high frontier terahertz fields.
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Chapter 1

Introduction

1.1 Terahertz detectors

Terahertz frequency sandwiched between microwave and lightwave is loosely defined from 0.1
THz to 10 THz. It is a high frontier region where remains one of the least tapped regions of the
electromagnetic spectrum. Besides continuum emission, interstellar dust clouds likely emit some 40
000 individual spectral lines in the terahertz band, only a few thousand of which have been resolved
and many of these have not been identified [1]. This is because that, so far, sensitivity issue of the
detector and high absorption from especially water and oxygen has made it extremely difficult for
significant propagation and detection of terahertz energy in almost all Earthly environments.

Progress of astronomical observation has been driven strongly by the development of new tech-
nology and instrumentation with high sensitivity. Superconducting detectors has been studied for
realizing such high sensitive observation. Kinetic Inductance Detectors (KIDs), Superconducting
Transition Edge Sensor (TES) detectors, and Superconducting Tunnel Junction (STJ) as a direct
detector, will show great capabilities for photometrical observation with low spectral observation of
3-10 by taking an advantage of high sensitivity due to large bandwidth and not limited by quantum
noise. On the other hand, with the aims of spectroscopic or high spatial resolution observation,
Superconductor-Insulator-Superconductor (SIS) and Hot Electron Bolometer (HEB) mixers as a
heterodyne one are widely used for practical low-noise receivers of radio astronomy and remote
sensing up to 0.7 THz.

The main goal of this thesis is to develop low-noise SIS mixer so as to meet very tough specifi-
cations for the Atacama Large Millimeter/submillimeter Array (ALMA) Band 10 covering
0.787-0.950 THz. In this thesis, we present new technology development for terahertz circuit design,
superconducting device fabrication, low-loss terahertz waveguide transmission technology, and their
measurement method. Their technologies will be applicable to not only astronomical field but also

biological and biomedical areas, security and so on as spreading effects.

1.2 Atacama Large Millimeter/submillimeter Array

The ALMA is one of the largest ground-based astronomical projects for the next decade [2]-[8].
The ALMA is being built by collaboration among Europe, Japan, and North America and the start of

full operations is expected in late 2012. It is being constructed on the Atacama Desert of northern
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Fig. 1-1  Artist’s concept of ALMA © European Southern Observatory (ESO)/ALMA

Chile at an altitude of about 5000 m. ALMA consists of a homogeneous array of about fifty 12-m
diameter antennas for the interferometer (12 m Array) and a set of four 12-m and twelve 7-m
diameter ones for the Atacama Compact Array (ACA) [9] for realizing fidelity of imaging with
mosaicing observation (see Fig. 1-1).

With excellent sensitivity and high resolution at a high dry location (see Fig. 1-2), ALMA will
allow sensitive heterodyne observation in the range 31 GHz—0.95 THz (0.3—10 mm) and is expected
to have impacts on three important scientific fields, that is, the formation and history of galaxies, the
formation of extraterrestrial planetary systems, including the emergence of the life, and the history of
the universe for the Big Bang. The highest level science requirements for ALMA are:

1. The ability to detect spectral line emission from CO or C II in a normal galaxy like the
Milky Way at a redshift of z = 3, in less than 24 hours of observation.

2. The ability to image the gas kinematics in protostars and protoplanetary disks around young
Sun-like stars at a distance of 150 pc (roughly the distance of the star forming clouds in
Ophiuchus or Corona Australis), enabling one to study their physical, chemical and magnetic
field structures and to detect the tidal gaps created by planets undergoing formation in the
disks.

3. The ability to provide precise images at an angular resolution of 0.1. Here the term precise
image means representing within the noise level the sky brightness at all points where the
brightness is greater than 0.1 % of the peak image brightness. This requirement applies to all

sources visible to ALMA that transit at an elevation greater than 20 degrees.
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Table 1-I Frequency coverage and sensitivity requirement of the ALMA frequency bands

Band 1 2 3 4 5 6 7 8
Lowest Freq. (GHz) 30 67 84 125 163 211 252 385
Center Freq. (GHz) 35 79 100 144 187 243 323 442
Highest Freq. (GHz) 40 90 116 163 211 275 370 500
Fractional Bandwidth | 0.29 | 0.29 | 0.32 0.26 | 0.26 | 0.26 0.29 0,26
Trx (DSB) over 80% (K) | 7.5 14 17 235 30 375 66.5 90.5
Institute TBD | TBD | HIA | NAOJ | CUT | NRAO | IRAM | NAOJ

Bands | 2 4 6 7 8 9 10

e

0.8
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Transmission

0.4 -

0.2 -

0 T T T T T T T —
50 150 250 350 450 550 650 750 850 950

Frequency (GHz)

Fig. 1-2  Atmospheric transparency at the Chajnantor site in good condition and frequency coverage

of the ALMA frequency bands [6].

Cartridge

Fig. 1-3 photograph of ALMA antenna, cryostat, and cartridge. Each receiver is packaged in the
form of a cylindrical cartridge (right), which are mounted within a 4-K circular cryostat of radius

approximately 1 m (center). The cryostat is located on at the cassegrain focus of the antenna (left)



4 Chapter 1

In order to achieve such the challenging observation, very tough specifications is set in terms of
sensitivity as listed in Table 1-I. Each of the ALMA antennas will be equipped with a receiving
system to cover the range of 31 GHz to 0.95 THz divided into ten bands which are determined by
astronomical and atmospheric considerations [8]. Each receiver is packaged in the form of a
cylindrical cartridge, which are mounted within a 4-K circular Dewar of radius approximately 1 m.
The receivers in lower bands (Bands 1 and 2) use a high electron mobility transistor (HEMT) and the
other (Bands 3—10) use superconductor-insulator-superconductor (SIS) mixers to achieve quantum

limited sensitivities and wideband intermediate frequencies (IFs)

1.3 ALMA band 10

Band 10 of the ALMA is the highest frequency band covering 0.787-0.950 THz and can be
achieved to be the highest angular resolution of 0.01 arc/s. Such the high spatial resolution may clear

up a problem whether our solar system is special or general.

1.3.1 A scientific interest at the band 10 frequencies

Planets are expected to form in circumstellar disks, which are considered the natural outcome of
the protostellar evolution in the case of low- and intermediate-mass stars. A detailed picture of the
evolution of circumstelar/protoplanetary disks, which provide the material and environment from
and in which planets are expected to form, has been developed. However, the planet formation

process itself is in major parts still under discussion. S. Wolf and G. D’Angelo have investigated the

b I =

Fig. 1-4 Simulation of ALMA observations of disk at 0.9 mbedded planet of 1My,
around a 0.5M¢ star (orbital radius: 5SAU). The assumed distance is 50 pc (left) / 100 pc (right). The

THz with an e

disk mass amounts to Mgy = 1.0 X 1072 Mg. The size of the combined beam is symbolized in the
lower left edge of each image. Note the reproduced shape of the spiral wave near the planet and the

slightly shadowed region behind the planet in the left images. The images are from [11].
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possibility of detecting giant planets that are still embedded in young circumstellar disk ([11] Fig.
1-4). They made the point that the hot region in the proximity of a young planet, along with the gap,
could be detected and mapped with the ALMA band 10 in the case of nearby circumstellar disks (d <
100 pc) in approximately face-on orientation by showing dust reemission images of the disks. So far,
it has been impossible to resolve such the disk spatially due to a limited spatial resolution. Thus
ALMA band 10 will play a crucial role by allowing to trace features in disks which are indicative for

various stages of the formation and early evolution of planets in circumstellar disks [12].

1.3.2 ALMA band 10 cartridge receiver

Fig. 1-5 and Fig. 1-6 show a view of the cold optics designed by M. Candotti and the entire
prototype band 10 cold cartridge and components, respectively. All of the cartridges are included in a
single cryogenic cryostat located on at the cassegrain focus. The beam coming from the telescope
passes through the vacuum window and infrared filters. Two ellipsoidal mirrors are used to match
the incoming beam and the corrugated feed horn. After reflecting the beam by the pair of the mirrors,
the two orthogonal polarizations are split by a free-standing wire grid. Then each beam enters the
corresponding feed horn. It should be noted that the optical components consisting of the mirrors,
wire grid and feed horns are mounted to the 4-K optics support structure made from one Aluminum

block in order to reduce alignment errors.
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Fig. 1-5 Schematic view of the cold optics for the ALMA band 10 designed by M. Candotti.
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® Cold Optics

® DSB SIS mixer x2

® 4-12-GHz Isolator x2
® 4-12-GHz amplifier x2
® Heat Sinks

®Heat Sinks

® \WR2.8x3 tripler x2
® \WR1.0x3 tripler x2
® Heat Sinks

® ESD Protection board x2
® DC, IF, and LO Feedthroughs

Fig. 1-6 Schematic view of a prototype cartridge for the ALMA band 10. This was drawn by K.
Kaneko.

Table 1-I  ALMA band 10 major specifications

1. RF frequency 0.787-0.950 THz

2. Cartridge IF output 4-12 GHz for DSB

3. Cartridge noise performance| < 230 K (5hf/kg) (over 80%)
< 344 K (7.5hf/kg) (full band)

4. TF ripple <4.0dB/2 GHz, < 6.0 dB/8 GHz

5. Gain compression < 5% between 77 and 373 K

6. Amplitude stability 0.05and 100 sec <4.0x 10
300sec <3.0x10°

7. Signal path stability < 3 degree/5 minutes

8. RF beam efficiency > 90% at the subreflector

9. Beam squint separation <10% HPBW on the sky

10. Polarization efficiency >99.5% (23 dB)
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The cartridge receivers of the ALMA band 10 use two Double Sideband (DSB) mixers with
orthogonal linear polarizations. Each polarization provides IF bandwidth of 8 GHz centered at 8
GHz (4-12 GHz), which will be achieved by using a 4-12 GHz IF system. The cartridge consists of
three cooled stages with operating temperatures of 4 K, 15 K and 110 K, and a room-temperature
base-plate which acts as the vacuum seal. The stages are supported by GFPR 10 tubes which have
low thermal conductance. LO triplers for generating 300 GHz band (input frequency is the 100 GHz
band), heat sinks for the LO waveguides, coaxial cables and wiring, are on the 80 K stage. The only
components on the 15 K stage are the heat sinks for the coaxial cables and wiring. The 4 K stage has
the mirrors, wire-grid, horns, mixer blocks, isolators, IF amplifiers, and heat sinks for the LO

waveguides.

1.3.3 Receiver specification

Major band 10 specifications are listed in Table 1-II. Especially, band 10 requires receivers with
a DSB noise temperature below 230 K (5xf/kg) for 80% bandwidth and 344 K (7.5hf7kg) for 100%
bandwidth over the 4-12 GHz intermediate frequency (IF) band at an operating temperature.
However, there have been no receivers currently available that satisfy the requirements of both low

noise and wideband operation such as the ALMA band 10 specifications as shown in Fig. 1-9.

1.3.4 Other heterodyne Instruments at similar frequency to ALMA band 10.

The Heterodyne Instrument for the Far Infrared (HIFI) of the Herschel Space Observatory
provides continuous coverage over the range of 0.480 to 0.125 THz in five bands and 1.41 to 1.91
THz in two additional bands at an operating temperature of 2 K (e.g. [15]). HIFI band 3 instrument
covers 0.8-0.96 THz [16] , similar frequency range to the ALMA Band 10. The primary mirror is
3.5-m diameter which is the largest satellite mirror to date. The Herschel spacecraft with HIFI
onboard has been launched successfully 14 May 2009.

The Carbon Heterodyne Array of the MPIfR (CHAMP") is dual channel heterodyne receiver
array of 7 pixels operating in the 0.6—-0.72 THz and 0.79-0.95 THz atmospheric windows. In early
2007.CHAMP was installed at the Atacama Pathfinder Experiment (APEX) telescope with a antenna
diameter of 12 m on the high altitude site of Llano Chajnantor [13][14].

The Caltech Airborne Submillimeter Interstellar Medium Investigations Receiver (CASIMIR)
is a far-infrared (FIR) and submillimeter, very high-resolution, heterodyne spectrometer [17]
installed on Stratospheric Observatory for Infrared Astronomy (SOFIA). The primary mirror is 2.7
m in diameter. It is anticipated SOFIA will eventually achieve a flight rate of up to 160 flights per
year, with a lifetime of 20 years [18]. During the initial flights in 2010, CASIMIR will have two
bands available, 1.0 and 1.25 THz. Three additional bands will be added with ongoing instrument

development, providing frequency coverage from 0.5 THz up to 1.4 THz.
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Millimetron planed for launch after 2015 is a large (12m diameter) space observatory for millimeter,
submillimeter and far-infrared observations. High sensitivity and (extremely) high angular resolu-
tions are achieved by using a 12m diameter space antenna, either in single-dish mode or as element
of a spaceground VLBI system. The instrumentation for the single-dish observing mode consists of
the two heterodyne instruments HET-1 and HET-2 which cover the astrophysically important
frequencies 0.55 and 1.1 THz, 1.9, 2.7 and 4.7 THz, but not including 0.9 THz [19].

1.4 Heterodyne receiver

In the region from millimeter to terahertz wave, electric pre-amplification of weak signals is not
yet possible and heterodyne process. For this reason, the low-noise heterodyne mixer is used to
downconvert weak RF signals frr to IF ones fir by modulating a large LO signal f{ 0. As shown in Fig.
1-7, incoming signal from space is collected by the optics and coupled with the LO signal. The RF
signal is down-converted to IF signal by the mixer. After that, the IF signal is amplified the low noise
amplifier. In this case, the downconverted IF signal composed of the two frequencies:

Jre = fro S - 1-1
Band 10 cartridges detect both sidebands without sideband separation, so-called, Double Sideband
(DSB) receiver.

A feature of heterodyne receiver is to allow coherent detection of incoming signal, because

Chapter 7 Chapter 2- 5 Chapter 6
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Fig. 1-7 Schematic block diagram of a typical heterodyne receiver and key components described in

this thesis.
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mixing element preserves phase information. Then telescopes incorporating the heterodyne receiver
can be used as elements in interferometers, which achieve high spatial resolution required for ALMA.
Another is to obtain very high spectral resolution (up to ~ 10’ for ALMA receiver, corresponding to
Doppler velocities of 0.03 km/s). This is important in that atomic and molecular lines can be
observed to study the constituents and dynamics of the gas [3]. Meanwhile, it is well-known that
signal-to-noise ratio for a spectrum detected by heterodyne receiver is proportional to a square root
of the product of integration time and simultaneous bandwidth, and inverse proportional to the
system noise temperature. Since it can not be increased by enlarging the bandwidth for spectral line
detections, it is essentially important to reduce the noise temperature. Besides, to measure the
chemical properties of the disk, the receiver also needs a wide IF bandwidth, capable of simulta-
neously measuring emission lines from many different atomic or molecular species. The wide IF

bandwidth would be important when continuum spectrum feature from dust is observed as well.

1.4.1 SIS quasi-particle mixers

SIS quasiparticle mixers are widely used for applications of the radio astronomy and planetary
atmosphere taking the low noise performance approaching quantum limit. A waveguide SIS mixer
consist of input waveguides, an antenna probe doubled with transition to microstrip mode, tuning
circuits and SIS junctions (see Fig. 1-8). The SIS junction has a sandwiched structure of two
superconductors separated by very thin insulator layer (~ 5 nm) and then has large geometric
capacitance which can shunt the RF signal. Thus the tuning circuits are employed for tuning out the
junction capacitance and matching the junction impedance to the antenna impedance.

The SIS mixer relies on an extremely nonlinear /-V characteristic of the SIS junction. The cur-
rent flow mechanism in the case injected microwave electromagnetic radiation is based on the
photon-assisted tunneling process discovered by Day and Martin in the early 1960s [20]. The first
receivers using this effect were developed by groups at Bell Laboratories, and the California Institute
of Technology [21], and the University of California at Berkeley [22].

Unlike direct detection, in heterodyne detection mode, the Heisenberg uncertainty principle puts
a limit to the mixer noise temperature, the quantum limit being

Ty = %. 1-2
This derives from following things. If one measures the energy £ of a system and the precise time ¢
at which the system possesses this energy, the uncertainties in these quantities are related by
AEAt>H/2. 1-3
This leads to the equation
AnAp>1/2, 1-4

relating uncertainties in the simultaneous measurement of the number of quanta n and phase of



10 Chapter 1

signal @. Thus one can not measure both amplitude and the phase of a sinusoidal signal precisely.

So far, the high sensitivities for the SIS mixers has been demonstrated that fell close to the
quantum limit for frequencies up to 0.7 THz at least and within a factor of ten of this limit up to 1
THz. This would be the greatest merit of using SIS mixers compared to other superconducting
heterodyne mixers, such as the Hot Electron Bolometer (HEB) and Josephson effect mixer. The
detailed noise property of SIS mixers will be described in later chapter as based on the theory by
Tucker and Feldman [23][24].

1.4.2 Receiver sensitivity
In general, the heterodyne receiver sensitivity may be represented by the equivalent input receiver

noise temperature

Txx =T, + , 1-5

which is known as Friis’formula, where T, and G are kth equivalent input noise temperature and /th

(= k-1) available power gain. A passive component with the gain G of less than 1 generates the noise

IF signal
Main body

transformer

Back-piece Horn RF+LO
5uC signal

\% wave guide probes

RF+LO Waveguide to )
signal Waveguide —— microstrip ——|Tuning circuit SIS junctions —  IF circuit — IF signal
9 transition

7-WG’ GWG 7-tunef Gtune Tm G

x>~ mix
Fig. 1-8 Photograph and block diagram showing composition of an SIS mixer. Twg, Gwg, Ttune
Giunes Tmix and Gnix, are the equivalent input noise temperatures and the power available gains of the

waveguide, the tuning circuit, and the SIS mixer.
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temperature related to ambient temperature Tomp:

1
TAtt :[5_1jTamb' 1-6
Thus the equivalent input receiver noise temperature shown in Fig. 1-7 can be described by
TRX — Tin + T;nix + TIF ' , 1-7
Ginchl Gin chlG mix

where Tip (~10 K), Tiix (~100 K) and T3, (~15 K) are respectively the equivalent input noise
temperatures of the IF chain, the SIS mixer, and the optics, and G’nix, Gepi and Gy, (< 1) are
respectively the available power gains of the SIS mixer, the LO coupler, and the optics. Gy and
Gwg would not be negligible at the band 10 frequencies, although T}, and Twg should be less than 1
K. These Guye (~1.5 dB) and Gwg (0.5 dB/10 mm) are one of the parameters making it difficult to
achieve high sensitivity receiver performances in this frequency range, compared to ones in lower
frequencies, because the lossless all-Nb circuits are not available and waveguide losses are
significantly higher. Therefore, the total receiver noise temperature is given by

T, Tie

Tox =T, + mix +
o " Gin GWG G Gin GWG G

. 1-8

G GG

tune ~ cpl tune mix
In conclusion, it is essentially important to reduce Tiyix and to make all the gains Gin, Gwa, Grunes Gepls

and Gy, as high as possible.

1.5 Key technologies and problems

In this section, key technologies and the problem are overviewed. Thus far, except for the at-
mospheric absorption, a cause that has made astronomical observation difficult was degradation of
the receiver sensitivity. Fig. 1-9 shows state-of-the-art sensitivity results of receivers developed in
some laboratories and also shown is sensitivity goals for ALMA receivers at the operating tempera-
ture of 4 K. The data are summarized by Kerr et al [25] and are updated based on refs. [26]-[29]. It
can be seen that the receiver noise temperature above 0.7 THz increases rapidly. This is caused by
degradation of noise performance of the SIS mixers due to Nb gap frequency as described later. In
addition, this may imply that technologies to develop high sensitivity receivers have not been
established yet in this frequency range. This is because there have been many technical difficulties,

such as development of small waveguide component and low-noise and wideband IF chain.
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Fig. 1-9 State of the art results and sensitivity goal of receivers developed in some laboratories. The

data are summarized by Kerr et al [25] and are updated based on refs. [26]-[29]

1.5.1 Low noise and wideband SIS mixers
Noise performance

In this frequency range, well-established all-Nb SIS mixers can not be used because RF losses in
their microstrip tuning circuits increase significantly as a result of the onset of pair-breaking above
the Nb gap frequency of 0.7 THz. For example, RF signals are attenuated by more than 60 % per the
wavelength in this frequency range as shown in Fig. 1-10 (a). Thus far, a combination of normal
metal and a higher gap superconductor, such as NbN or NbTiN, has been successfully used to reduce
the circuit losses in the range 0.7-1.3 THz. However, there are no mixers currently available that
satisfy the requirements of both low noise and wideband operation such as the ALMA band 10
specifications. In order to improve the mixer performance, it is important not only to establish the
low-loss microstrip lines but also to investigate the mixer noise properties of the Nb junctions above
its gap frequency where the mixer gain is significantly degraded.
RF bandwidth

The fractional bandwidth of 19 % for the band 10 receivers has to be covered. Since an SIS
mixer has a large capacitance, the RF bandwidth might be limited by @wRC. For this reason, it might
have been believed that the SIS junction’s current density (J.) is the most important parameter to

make the RF bandwidth wider. In this case, we have to develop high J, (>20 kA/cm®) SIS junctions
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Fig. 1-10 Technological problem of SIS mixers for the ALMA band 10. (a) Transmission characte-

ristics of superconducting microstrip lines per the wavelength as a function of frequency and (b)
Fractional bandwidth versus junction’s current density. At the band 10 frequencies, well-established
all-Nb SIS mixers can not be used because RF losses in their microstrip tuning circuits increase

significantly as a result of the onset of pair-breaking above the Nb gap frequency of 0.7 THz.

with very thin barrier as shown in Fig. 1-10 (b). However, it is difficult to obtain such high current
density keeping the junction quality. A study of the fabrication using new barrier, such as Aluminum

Nitride, would be considered as a candidate to solve the problem.

1.5.2 Wideband IF chain of 4-12 GHz

Another reason which has degraded the receiver sensitivity is IF noise performance, because it is
difficult to obtain high mixer conversion efficiency (-5 ~ —10 dB) in the range of this frequency. In
our analysis, IF noise temperature accounts for about 20-30 % of the receiver noise temperature. For
this reason the IF noise temperature and mixer gain should be kept below 10 K and as high as
possible over 4-12 GHz, respectively. However, it is very difficult to achieve the bandwidth beyond
1 octave, keeping such a performance. Although SIS mixers with the high dynamic resistance is
allowed to obtain the intrinsic high mixer gain, this has difficulties to match the output impedance of
the SIS mixer into 50 Q network and may result in occurrence of the ripple structure for IF
characteristics due to standing wave or oscillation. In addition, this problem makes it hard to achieve
the specification that has to be the IF flatness within 4.0 dB per any 2 GHz, and 6.0 dB per any 8
GHz.
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Fig. 1-11 Problems of waveguide losses and LO power in terahertz bands. (a) Comparison of

gold-plated rectangular waveguide (TE;o mode) losses used in Band 3 to 10 at a temperature of 4 K.
The calculation is based on consideration in section 7.2.1 and assumed to be 30 mm for the length of
the waveguide, which is typical one for modular type waveguide components. The waveguide size is
based on Virginia Diodes Inc. (VDI) waveguide band designations. (b) THz-emission power as a

function of frequency. Solid lines are for the conventional THz sources. This figure is from [30].

1.5.3 Low loss waveguide components and efficient usage of LO Power

Fig. 1-11 (b) shows calculated losses of the gold-plated rectangular waveguide with the sizes of
WR-10 to WR-1.2. The waveguide length is 30 mm, which is typical one for modular type
waveguide components. At the band 10 frequencies, very small waveguide with the size of 152
pumx304 pum (WR-1.2) has to be used. The waveguide has very large losses to be 1.2-1.4 dB,
compared to that of low frequency. The losses allow noise temperature to be increased by 30-40 %.
Therefore, the modular type of waveguide component is no longer available due to the RF losses. In
addition, such small waveguide component needs high accuracy fabrication within 5 um at a circuit
part and 10 um at a flange part. Thus, we must consider the circuit so as to simplify the fabrication
or another scheme.

An advantage of using the SIS mixers is the very modest LO power requirement compared to
Shottky diodes. However, in this frequency band close to 1 THz, a lack of local oscillator (LO)
power has been a significant issue as shown in Fig. 1-11 (b). The ALMA requires an LO source with
no mechanical tuners. Thus, the LO system must consist of electrically-tunable component as based
on solid-state devices. Although the high power output devices for terahertz region have been
studied, the output power of the sources rapidly diminish at higher frequency (~ 20 uW at 0.9 THz,
typically) due to the terahertz gap. For this reason we would have to come up with some kind of

method to propagate the limited LO power to the SIS mixer.
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Table 1-III Noise budget of the band 10 receiver. The color indicates key components to achieve the

specification of 230 K, which are described in this thesis.

Temp. Gain Input noise Noise at Rec.
[K] [dB] [K] Input [K]
Window 300 -0.1 6 6.3
IR filter 110 -0.2 5 5.0
Cold optics 4 -0.2 1 1.1 5% Loss at4 K
Waveguide 4 -0.5 1 1.1 10 dB coupler
10 dB Coupler 4 -0.5 5 6.3 10 K/pW
Tuning circuit 4 -1.5 1.7 2.3 NbTiN/SiO»/Al
Mixer 4 -4.0 83 165 2 hflkg at 0.87
Isolator 4 -0.6 24 12
1st amplifier 4 34 5 29
Cable 150 -2.8 136 0.3 Estimated cable
2nd amplifier 300 28.5 120 1 typical gain
Attenuator + Cable 300 7.1 1239 0.0 Estimated cable
229

Fig. 1-12 Flow chart of this thesis.

1.6 Overview of this thesis
Table 1-III shows the estimated budget of the band 10 receiver noise temperature. In order to
achieve the noise temperature of 230 K, all the components have to accomplishment the state of the

art performance. This needs to be verified by measurement of the whole cartridge since the loss and
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noise listed in Table 1-III. In this thesis, cryogenic devices which contributes to the receiver noise
temperature, that is, the waveguide coupler, SIS mixer, and cryogenic IF chain are focused on.
Construction of this thesis is shown in Fig. 1-12. Chapter 2 describes fundamental theory of SIS
mixer for modeling the circuit. As based on the theory, chapter 3 provides theoretical verification
and feasibility study of material combination for the band 10 SIS mixers, and two microstrip
combinations are narrowed down here: epitaxial NbTiN on MgO and poly-crystal NbTiN on quartz.
Chapter 4 presents investigation of SIS mixers with Nb junctions and microstrip configuration using
epitaxial NbTiN films on MgO and normal metal. On the other hand, chapter 5 deal with SIS mixers
with Nb junctions and inverted microstrip lines incorporating poly-crystal NbTiN films on quartz
and normal metal. Finally, an SIS mixer satisfying wideband and low noise performances simulta-
neously was demonstrated. Chapter 6 describes low-noise IF chains using a state-of-the-art ultra low
noise amplifier and a low-loss isolator. In addition, improvements of frequency dependence of IF
noise temperature and output power by detailed system consideration including the SIS mixer are
described. Chapter 7 presents development of waveguide SIS mixer incorporating LO directional
coupler. The insertion loss of the waveguide and coupling factor of the LO coupler were evaluated at
both room and cryogenic temperatures. The mixer block was designed on the basis of the characte-
rization. Finally, we present the result of achieving ALMA band 10 specification. Chapter 8

summarizes the work described in this thesis.
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Chapter 2

Fundamental theory of heterodyne SIS mixer

2.1 Overview

In this chapter, fundamental principles of mixing with quasi-particle tunneling and supercon-
ducting transmission line are summarized. T, and Gy in eq. 1-7 are determined by the embedding
circuits and the SIS junction properties: nonlinearity and leakage current of the /-J curve. Tucker
and Feldman established the theory of mixing with quasi-particle tunneling by combining the
general diode mixing theory with the quantum theory [1]. It is summarized in section 2.2. Besides, it
is important to characterize losses Gy in the tuning circuit, because the input loss not only
increases the receiver noise temperature entirely but also forces the apparent bandwidth of noise
temperature narrower. Fundamental principle of the transmission line using superconducting

materials is summarized in section 2.3 on the basis of Mattis-Bardeen theory [2].

2.2 SIS junction as a mixing element

Mixing properties of SIS junction are determined by the nonlinear current-voltage characteris-
tics and the embedding circuits. Since the SIS mixer is nonlinear circuit, we require a formulation of
the nonlinear circuit that relates the small-signal voltages and currents at the harmonic sidebands in
order to analysis the SIS mixer performance. Then the SIS junction can be treated as a linear
transadmittance. The transadmittance relates voltage at each port to current at each port (e.g. voltage
at RF port to current at IF port). The vehicle for this transformation is called a conversion matrix. In
nonlinear noise analysis, we must calculate the spectra and correlation properties of those cyclosta-
tionary noise sources. The spectra are noise sidebands on each of the harmonics of the large-signal
waveform. The correlation properties and transconductance determine the noise and conversion

properties [3].

2.2.1 General mixer theory

Although some of the early theoretical work was completely analytical, accurate simulation of
practical SIS mixers requires a fully numerical approach. For the practical analysis, in general, there
are assumptions that the LO voltage serves only to vary the small-signal SIS junction conductance
and capacitance, and that frequency conversion occur via time-varying, small-signal elements. A

large signal nonlinear analysis is performed first to determine the junction voltage waveforms. The
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small-signal time waveforms for the conductance and susceptance are then found from the junction
voltage waveforms. The conversion performance is derived from these, and the set of impedances
seen by the junction at each significant mixing frequency, without further consideration of the LO
excitation.

When a small-signal voltage is applied to the pumped diode at any one of these frequencies,
currents and voltages are generated in and across the junction at all other sideband frequencies.
These frequencies are called the small-signal mixing frequencies, ®,, (wrr), and are given by the
relation:

®, =0, +mao, 2-1
where
m=0,+1,+2,£3 ...
The frequencies are separated from each LO harmonic by an amount equal to the frequency, a, the

difference between the LO frequency and the RF frequency, usually the IF.

Large signal analysis

The goal of the large-signal analysis is to determine the amplitude V; of the LO waveforms,
which controls the nonlinear junction current and susceptance, and thereby to determine the
small-signal time waveforms for the junction conductance and susceptance. It is assumed that the RF
excitation is negligibly small compared to the LO. It is necessary to include the external embedding
network. Fig. 2-1 shows a mixer equivalent circuit under LO excitation only. The mixing element is

modeled by its large-signal equivalent circuit. The LO is represented by a current generator with

Fy F, F, Fo
i i
YSS YS2 @ YS1

Is1=l o Iso=1,

N
B
<

LO harmonics Fundamental LO DC bias Mixing element

Fig. 2-1 Large-signal equivalent circuit of the mixer under LO excitation only. The external circuit
is equivalent to set of impedances, the LO embedding impedances, each in series with an ideal series

LO filter F,,. F,, has zero impedance at m® and infinite impedance at all other frequencies.
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amplitude and effective source admittance. The embedding network is equivalent to a set of
individual impedances except the mth LO harmonic, mw. The mixing element is, therefore,
terminated in only one impedance at each LO harmonic. The equations for the circuit at each
harmonic give

Ism -,V

oV im =L =0, 2-2

where m is the harmonic number. /,, the source current, is normally zero except for m =0, 1. I;,, and
Vim are the frequency-domain current and voltage at the mixing element terminals, respectively. Vi,
is the embedding admittance at the mth harmonic. One practical solution to this problem is to use a
type of e.g. harmonic balance [4]. In the case that mixing element is an SIS junction, it is assumed
that the higher LO harmonics are short-circuited by the junction capacitance, and then the equation is

reduced to the eq. 2-42 in later section.

Small signal analysis
Equation 2-1 defines the mixing frequencies in the time-varying circuit elements, either the
conductance or susceptance. At each of these frequencies phasors represent the voltage across the

element and the current in it:

Y,
\
) d \ \
Nonlinear _ @ S.(t
Vio(® Mixer Ys= \‘/1 ‘ ()
) 'o
|
O, =M + @ Y =| Yo Vo(t)
[
Ly
) \
Y
[

Fig. 2-2 Schematic diagram of a general heterodyne mixer, with applied LO frequency w, signal
frequency @=ws and IF output at ay. The equivalent embedding networks at all of the sideband

frequencies @,=m® +ay, are indicated, with termination admittances Y,,,.
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Vi(t)=Re Z\znlej“’mt , 2-3
i'()=Re D i,e™" . 2-4

These voltage and current components will be linearly related for small signals by an admittance

matrix:
In = Z Ymm'vm' . 2-5
P

This Y, indicates conversion matrix, which relates small-signal voltage and current at each port.
The ports are different frequencies at a single set of terminals instead of physically separate ports.
Consequently, multiport network theory is directly applicable to the conversion matrix, and such
operations as determining voltage gain, input impedance, and conversion to another type of matrix,
such as an S-parameter matrix, involve the same relations as conventional multiports. Also, the
matrix representation implies that Kirchhoff’s laws must hold for the voltage and current vectors as
well as scalar quantities, because sinusoids at different frequencies are linearly independent.

Once the admittance matrix elements Y, relating the small-signal currents and voltages at the
various sideband frequencies have been determined, the analysis of mixer performance is
straightforward. In general, there may be incoming radiation applied to the mixing element at any of
the sideband ports in Fig. 2-2. An arbitrary set of current generators {J,} placed at each sideband
port @, of the mixer will produce small-signal current and voltage components across the junction
satisfying

S, =i, +Y,v,

= Z(Ymm' + Ym5m,n1' )vm' ’ 26
p

Inverting these equations, one obtains the signal voltages produced by this arbitrary set of current

generators,
Vi = zzmm'sm' d 2-7
p
where, in matrix notation,

12 = o+ o 28

mYm,m'
In the practical situation, the output voltage at @y (=wr) may be written in the form

Vo = ZOOZ/’LOmSm ’ 29

where the quantity
Aom =Zom ! Zoo » 2-10
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does not depend upon the output load termination Yy =Y. This conclusion is obtained by explicitly
performing the matrix inversion in eq. 2-8, and will prove useful in analyzing the noise properties of
the mixer. The effect of a current source J,, at w, is thus equivalent at the output to a fictitious
source Ay, J,, of frequency ay, which depends upon the properties of the mixer but not on the value
of Y, 0 =Y L.
In a fundamental heterodyne mixer, the incoming signal may be represented by J=3Js at
frequency wtay, as illustrated in Fig. 2-2. The total signal power available at the input is therefore
5|
By = :
8Gy

2-11

The power that is frequency down-converted and delivered into the output load may be written in the

form
1 1
P, ZEGL|V0|2 :EGL|ZOI|2|SS|2. 2-12

The conversion efficiency of the mixer in single sideband is then given by

P
o =4GsG,|Zy|* - 2-13

in

Gmix,SSB =

In these expressions, the conductances Gs and Gy represent the real parts of the source and load
admittances Ys and Vi, respectively. The conversion efficiency is therefore readily calculated in
terms of the small-signal admittance matrix Y, and the terminations Y,, of the mixer element at

each of the sideband frequencies. The double sideband (DSB) gain of the mixer can be expressed as

Grixpsg =2GL (Gs|201|2 + GI|ZO—1|2) . 2-14

Noise properties

The electronic noise we treat here is a stationary random process. This is that the noise voltage
or current at any point in a circuit varies randomly, but with statistical characteristics that do not
change with time. The major noise sources in diodes are thermal noise and shot noise.

Shot noise

Shot noise is generated by a random process that each electron probabilistically passes through
the junction which creates potential barrier. The shot noise may be analyzed by placing a noise
generator Jl(¢) = [I(f)—<I(f)>] in parallel with an idealized noiseless mixer, where /(¢) is the induced
LO current through the intrinsic device and </(¢)> is its expectation.

When the LO voltage is applied, the shot noise is modulated at the LO frequency. Each shot
noise component at each missing frequency is converted to the other missing frequencies by the LO
fundamental and its harmonics. The noise components at any mixing frequency therefore include up-

and down-converted components from each other mixing frequency. Once they are converted to the



24 Chapter 2

IF frequency, those components are correlated.
As with the small-signal analysis, the noise currents in the diode junction at each mixing fre-

quency can be expressed via a vector:

I

IS—N+1

[1]=| I, 2-15

1

SN

where gy are the shot noise currents at each mixing frequency ,,. The goal is to find the IF output
voltage due to these noise sources, each of which may be considered as an input noise source at each
mixing frequency. The voltage across the junction at mixing frequency @,, due to shot noise is
Ven1=12,1-[] 2-16
where [Z,] is the row of the conversion matrix. The mean-square value of the junction noise voltage

is
Vo =12, - WL LT -12,T 2-17

where Tt represents the conjugate transpose of the matrix. The term ([/]-[/]") is a matrix
representing the correlations between the shot noise components at the various mixing frequencies. It
is, therefore, called the correlation matrix [C;] for the pumped mixer. The term in this matrix have
been evaluated and are

(r1-17 1" =c,,, =2el, ,B 2-18
where I,,., is the coefficient for the m-n th harmonic in the Fourier series representation of the local

oscillator current.

7 Noiseless
e , , mixing element

)
N4

Fig. 2-3 Intrinsic and external noise equivalent circuit of the mixing element The thermal noise

source converted to a current source via Thevenin’s theorem
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Thermal noise
The other noise source of interest is thermal noise which arises from the random agitation of
electrons and is related to black-body radiation with a temperature. Although the noise is treated as a
voltage source, it can be converted to a current source via Thevenin’s theorem (see Fig. 2-3), that is,
the magnitude of the thermal noise current source is

2 4hwBG
@)= O 7 2-19

where 7, B, and o is the physical temperature of the blackbody, the bandwidth, and angular
frequency. Also G is the conductance of embedding circuit. Since the thermal noise arises in G,
which does not vary with LO excitation, its components at different frequencies have no correlation,

and the correlation matrix is simply a diagonal. Therefore, the correlation matrix for the thermal

noise is
4hwBG,, mn
Copp =1 1 7, 2-20
0 m#n

where G, is the real part of the embedding impedance.
Total noise

The voltage at an IF frequency of ay is the sum of the shot noise and thermal noise components:

t

2 t
Vol =12,1-(C + C)-1Z,] 221
Total noise power referred to the input port using this output voltage and eq. 2-16 is given by

2
__ 22

|Zo1|2 Re(Y;) .

total

Therefore the equivalent input mixer noise temperature can be characterized by defining the noise

current source 4k7T,;xBRe(Y) connected in parallel with an idealized noiseless mixer

_[2,)-(C+C)12)"

- 2-23
4kB-|Zy|” Re(Y))

mix
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Fig. 2-4 Energy diagram of an SIS junction. Quasi-particle tunneling at the same energy level (a),

by photon assisted tunneling (b).

2.2.2 Quasi-particle tunneling current in SIS junction
Theoretical DC I-V curve of an SIS junction

An SIS junction has a sandwiched structure of two superconductors separated by very thin insu-
lator layer. The current-voltage characteristics shows an extraordinary nonlinearity which is created
by the gap in available energies for single-electron quasiparticles on both sides of SIS tunnel barrier.
As illustrated in Fig. 2-4, when both electrodes are an identical superconductor having gap energy A,
the quasi-particle tunneling current from the left to the right electrode is given by
[ el E
o [(E—eV)! —N(T)]"? [E? - A(T)]'?

G
Idc(V) :TN

[f(E—=eV,T)-f(E,DE,

2-24
where e, Gy and T is the charge of a single, electron tunnel conductance, and physical temperature.
In eq. 2-24, f(E) Fermi-Dirac distribution is given by

f(E,T)=ﬁ- 225
When a voltage V<2A/e is applied there is still no current flowing because the electrons below the
gap on the have no access to empty states on the right. At /= 2A/e there is a sudden rise in current

because electrons on the left suddenly gain access to the states above the gap on the right. The

resulting dc tunneling current as a function of bias voltage is shown in Fig. 2-5 (a).
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Fig. 2-5 Calculated (ideal) and measured dc /-V curve (a). Also shown is theoretical photon assisted
tunneling current induced by electro-magnetic field in the SIS junction at 0.2 THz as a function of

bias voltage (b). The pumped /-V curve is summation of n order term component of Bessel function.

Photon assisted tunneling

Unlike classical diode as a mixing element, it is not possible to describe nonlinear /-} characte-
ristic of quasiparticle tunneling current with a Taylor series due to quantum mechanics. In the
situation that the cooper-pair tunneling current is suppressed by applied magnetic field, Werthamer
[5] derived an expression for the quasiparticle tunneling current as a function of time in the presence

of both dc and ac bias.
() = Im j J.da)'da)”W(a)’)W*(a)") O (@l v eV 1), 226

W(w) is the Fourier frequency component of the time-varying phase factor caused by the ac bias

voltage:
t 00 .
exp[— i%jdr’[V(t’) - VO]} - j doW (@) e ™ . 227

Besides, j(V) in eq.2-26 is complex current response function:
JVo) =il (Vo) + Ik V) - 2-28
When the bias voltage V(t) contains only a dc component V;, then W(w) = 8(0), which is delta
function, and from eq. 2-26 we have
Im[j(eVy /1)) =14 (V,) . 2-29
This equation implies that the imaginary part of the quasiparticle response function at frequency
ap=eVy/h is equal to the dc tunneling current at bias voltage V5. It is clear that the reactive part of the

quasiparticle response function has no contribution to the tunneling current when the bias voltage is
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time independent. The real part of the complex current function is related to the imaginary part by
Kramers-Kronig transform:

Relj(eVy /1)]=Ixk ()

:Pr av' 1, (V) =V'/ Ry 2-30
- T V'-V,
The dc current /,(V) as a function of dc bias voltage gives the imaginary part of the response
function as a function of frequency; its voltage Kramers-Kronig transform gives the real part of the
response function. Therefore, the dc /-V curve, which can be easily measured, contains all the
information about the response of the quasiparticles in an SIS junction at high frequencies. These
equations suggest a good way of deducing the frequency-dependent response function of quasipar-
ticles. It should be suggested that the reactances calculated in terms of Ik (V) are nonclassical, and
are present in addition to the junction capacitance.
The time dependent voltage across the tunnel barrier will be of the term

V(t)y=Vy+V pcosmt. 2-31

The additional phase factor multiplying the Schrodinger wave function for each quasiparticle state

on the left side of barrier due to the LO is given by

.e ! ’ ' - —inai
exp[— Z%J‘dl‘ Vi ocosw t} = n;an (eVio/hw)e ™™ . 2-32
The Fourier transform of this phase factor defined by eq.2-27 then becomes
W(@)= D J,(eVio/ho) 5@ ~nw). 2-33

Substituting this result into eq. 2-26 for the induced tunneling current gives

Lo =Tm Y J,(@)],,,(@)e"” j(, +nhale)
n,m=—0 2-34

0
=q,+ Z(2am cosmmwt+2b, sinmwt)

m=1
where the amplitude of the local oscillator waveform is contained in the argument of the Bessel
functions:

a=eV  /lho. 2-35
The averaged current induced by the local oscillator thus contains components at all the various

harmonic frequencies, with magnitudes given by

2aq, = Z‘]n (@) yym@)+J,_, () 1.V, +nhw/e), 236
2bm = ZJH (a)(Jw1+m (a) _Jn—m (a)) IKK (VO + nha)/e) . 2-37

Equations 2-34, 2-36 and 2-37 indicate that many harmonics of the drive frequency w exist in an SIS
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junction, and that there exists an out-of-phase reactive component sinwt as well as an in-phase
component coswf. Assuming that all harmonics are shorted, a dissipative and reactive currents can be

derived by setting m to 1 at a frequency w:

Lo Vo) = D 0@ (@) +J, (@) 14 (Vy +nhool ), 2-38
LoV Vi0) = DT (@) (@)= S, (@) I (Vy +nhao/ ) . 2-39

Thus the dissipative and reactive currents is defined in complex notation by

Iy =1{o+il{y. 2-40
In addition, it should be noted that the current component for m = 0 corresponds to dc /-V curve of a
voltage-pumped SIS junction, which is completely independent of the real part of the quasiparticle
response function /.

LV Vo) =ag= Y Ji(@) I (Vy+nhole). 2-41

This equation describes the structure of /-V by photon assisted tunneling shown in Fig. 2-5. Dayem
and Martin experimentally observed it for the first time in 1962 [6]. It was later explained theoreti-

cally by Tien and Grodon [7].

2.2.3 Three port quantum mixing theory

In previous section, tunneling current in the SIS junction induced by electro-magnetic field was
described. In this section, three-port-mixing theory assumed that higher harmonics of the local
oscillator are short-circuited is constructed by being combined the theories of the general mixer and
tunneling current in SIS junction.
Large-signal analysis

With the assumption that the higher harmonics of the local oscillator are short-circuited in
three-port-mixing theory, the only physically relevant component of the large-signal as current

" The equivalent circuit for the mixer at the LO frequency @

through the tunnel junction is Re(/ o
is illustrated in Fig. 2-6 by being simplified for Fig. 2-1. The local oscillator is represented by a
current generator with complex amplitude 31 and an effective source admittance Y, = G,+ iB,
determined by the input waveguide and mounting structure. The susceptance B, will include a
contribution @C due to the junction’s geometrical capacitance. According to Fig. 2-6, the circuit
equation may be written in the form
S0=1{o+Y,Vi0o- 2-42

This is exactly same as the eq. 2-2 of the case assumed that all LO harmonics are short-circuited.

The total local oscillator power incident on the mixer is equal to the available power from the current

source:
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ity
I e

~ it = ;
J0e Y, =G, +iB,

Fig. 2-6 Equivalent circuit for the SIS mixer at the LO frequency w. All higher harmonics are

assumed to be short circuited

2-43

Small-sighal admittance matrix
The small-signal mixing properties of the tunnel junction may be calculated once the amplitude

of the local oscillator waveform has been determined. As shown in Fig. 2-2, strong pumping at the
LO frequency @ mixes the output frequency ay all sidebands described in 2-1.
Each of these sidebands is represented in Fig. 2-2 by a mixer port with a termination admittance Y.
The incoming signal at frequency w=w, is represented by a current generator Js with a source
admittance Ys=Y;. The function of the mixer is to convert this incoming signal power to the output
frequency an, and couple it into the load admittance Y1 =Y, representing the first stage IF amplifier.

As derived from general mixer theories in section 2.2.1, the voltages and currents at the sideband
frequencies may be represented in the form of egs. 2-3 and 2-4, and also these components will be
linearly related for small signals by an admittance matrix in eq. 2-5. The values of the admittance
matrix elements are determined by the large-signal solution, and depend on the strength of the local
oscillator and the nonlinear dc /-V characteristic of the tunnel junction. They are calculated by
expanding the total current through the tunnel barrier and identifying those terms that are linear in
the small-signal voltages.

The total voltage and current across the tunnel barrier my be written in the form
V() =Vy+ Vo) +vg (), 2-44

<I(t)>:ILO(t)+isig(t)- 2-45

The inclusion of vgg(#) in the applied voltage in eq. 2-27 requires additional terms in the
time-dependent phase factor, which multiply the result of eq. 2-32 for V. o(¢) alone. Retaining only

terms to first order in the sideband voltage components v,-(¢), we generalize eq. 2-33 to
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W)=Y J, (V0! ho)| 5@ —nw)+ Y th)

n=-—o0 n=-ow m

v, 00 —no-o,)-v,0@ —no+o,)]|.

2-46
Inserting this result into eq. 2-26 for the total current, and again retaining only terms linear in the

sideband voltages v,(¢), we find the admittance matrix elements that give the signal currents i,,(¢) in

eq. 2-5 to be
Ymm' = Gmm' + lem' > 2-47
where
G = ¢ ZJ" (), (@)0,_ i Ly Vo +n'hw/ e+ M, [ e)—1,.(Vy+n'hw/e)
2haw,, “~ ' )
+1,.(Vy+nhewl/e)—1,(V,+nho/e-hw, /e)]
2-48
By = Y T (@) (@), y Uik Vo + 'R0 €+ R,y [ €)= 1, (Vy + 10/ )
2hao '

,
m p' n=—o0

I Vo +nhw/e)+ 1, (Vy,+nho/e-ho, /e)]
2-49
The elements of the small-signal admittance matrix in this model are seen to separate into real and
imaginary parts, which depend only upon the dissipative and the reactive components, respectively,

of the junction response.

Noise properties

The SIS mixer noise property is determined by its intrinsic shot noise caused by local oscillator
pump and dc bias, and the extrinsic noise sources by the unavoidable quantum fluctuations of the
signals presented at signal and image port and thermal noise of the image termination. The
combination of dc bias voltage and local oscillator waveform in eq. 2-31 produces large tunneling
currents through the junction at frequency multiples m® of the LO drive. This current results from
the tunneling of individual quasiparticles. However, fluctuations of the tunneling current due to its
random process in the SIS junction about the average will produce noise current at other frequencies.

Correlation matrix of shot noise generated by the SIS junction is given by

mm’

H® =e ZJn(a)Jn,(a)é'm_m"n_n,{coth[,b’(eVO +n'ho+he, )/ 211, Vy+n'ho/e+ho,, /e)

n',n=—0 5

+coth[ eV, + nho-hw,,)/ 2]l ,.(V, + nhew/e-hw,, /e)}
2-50
where f = 1/kgT. A standard measure of the sensitivity of a heterodyne mixer is the minimum
detectable power: the incident signal power required in order to produce an output equal to noise

output. The signal generator Jg at the input port in Fig. 2-2 is equivalent, according to eq. 2-9, to a
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current source Ag;Js at the output frequency whose square may be expressed in terms of the

available incident power eq.2-11 in the form
2 L i~ p 2
L] ) ig :E|A'()1||‘SS| = 4GL|/101| R, . 2-51

The equivalent noise temperature referring to input port due to shot noise in SIS junction can be
found by using the correlation matrix
Lo 1 + rs
TLO - > AondonH?® 2-52
GLV’OI m,m’
The behavior of thermal noise generated in SIS junction is exactly the same as in classical resistive

mixer, as derived in eq 2-20. The correlation matrix in terms of the thermal noise is given by

4hwBG,, men
Ht — ] ol _} 553
0 m#n

From egs. 2-50 and 2-53, the total correlation matrix by shot noise and thermal noise is as follows:

H =H' +H% . 2-54

mm' mm' mm'

2.3 Superconducting microstrip line

As well as SIS junctions, superconducting microstrip lines for SIS mixers takes an important
role in low-loss propagation of the electro-magnetic field for RF and LO signals and in elements of
distributed constant circuit to control embedding impedance. In order to work a receiver in low noise
temperature, selection and fabrication of appropriate material combinations have been one of the
important problems in this frequency range, because well-established all-Nb SIS mixers cannot be
employed due to the RF losses in their tuning circuits caused by the onset of pair-breaking above the
Nb gap frequency of approximately 0.7 THz. Therefore, it is necessary to establish new technologies
adopted superconducting materials with large gap frequencies. Although NbN and NbTiN, which
have a large gap frequency above 1 THz, are promising superconductors, modelling of circuit using
their materials is necessary for the accurate design. In this section, some fundamental principles of
transmission line using superconductors are presented for calculating power transmission or losses
from a feed point to junctions. In section 2.3.1, surface impedance concept for superconductors and
normal conductors is described for modelling superconducting microstrip lines. In sections 2.3.2 and
2.3.3, two analysis methods for the superconducting microstrip line are presented on the basis of an
analytical calculation and numerical simulation using High Frequency Structure Simulator (HFSS)

which is the software with 3D-finite element method [10].
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2.3.1 Surface impedance of superconductors and normal conductors
It is well-known that surface impedance concept plays an important role in the characterization of

the microstrip lines. The surface impedance of thin film conductor with the thickness ¢ is defined by
E(0,)

Z(0)=—
Ldsz (z, a))

=R (w)+ jX,(w), 2-55

where E4(0,®) is the electric field parallel to the surface of the conductor and J(z, ) is the current
density in the conductor at depth z. For the magnetic and electric field penetration depths, A and &

respectively, we then can write the following expressions:

2= 1mlZ ] 2-56
How

o= M . 2-57
How

The surface impedance Z; is distinguished by three regions, in local limit, anomalous limit, and
extreme anomalous limit. In the local limit, defined by /. << & for normal metals or & << A for
superconductors, the frequency-dependent surface impedance for the thin conductor with thickness ¢,

conductivity ¢ at the operating temperature is solved from Maxwell’s equations and is given by

Z, = |22 coth(ty[jouyo) » 2-58
o

12 .
is the

where ¢, is the classical skin depth, /. is the mean free path of electrons, 4 =41(&/&)
effective penetration depth, and &= 1/(& "'+ ") is the Pippard coherence length [15].

In the non-local case where /. > 6, or &> A, the surface impedance needs to be calculated using
the Mattis-Bardeen theory, however very complicated calculation is necessary [2].

In the extreme anomalous limit where & >> A for the superconductor, the frequency dependent
complex conductivity ¢ = G, — joj can be analytically resolved

a_2 [Tre-res heo)lg(E)dE +—— | - f(E+ho)g(E)E,  2-59
. hodA ho Ir-ho

o, ho

A _ 2 A2
o _ 1 I [1 22f(1§l+/:zw)][E +2A +:zclo/125] dE 560
A-ho-A [N —E*1[(E + ho) — ]

where f{(7) is equilibrium Fermi-Dirac distribution function at ambient temperature that is

1

n/kgT °

= 2-61
l+e

/()

and

E* + A + hoE
E)= . 2-62
g(E) [E? = A1*[(E + ho)* - A*]?

o, is the normal conductivity of a superconductor just above the critical temperature 7. The first
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integral of &, represents conduction of thermally excited normal electrons, while the second integral
of o) introduces generation of quasiparticles by the incoming radiation, which is called as
pair-breaking. The lower limit on the integral for o, becomes -4 when the frequency exceeds the gap
frequency. o, results from inertia of cooper pair. The surface impedance of the superconducting film
is defined as the complex conductivity in the extreme anomalous limit, and eq. 2-58 in the local limit.
For the normal metal at cryogenic temperature and higher frequency, the surface impedance for the
extreme anomalous limit /. >> &, by Reuter-Sodheimer [16]
B l+j\/§ ; 9a)2,u021e
B3z V 160

Thus, the surface resistance becomes a material constant in the extreme anomalous limit. For

z 2-63

frequencies above 1 THz Al can be taken to be in the extreme anomalous limit [17].

2.3.2 Analytical calculation method of superconducting microstrip lines

A piece of line of infinitesimal length Az for a transmission line can be modeled using a lumped
element as shown in Fig. 2-7, where R, L, G, C are series resistance, series inductance, shut
conductance, and shunt capacitance per unit length. L represents the total self-inductance of the two
conductors, and C is due to the close proximity of the two conductors [8]. R represents the resistance
due to the finite conductivity of the conductors, and the shunt conductance G is due to dielectric loss
in the material between the conductors. For wave equations of the voltage and current in the
sinusoidal steady-state condition, characteristic impedance Z, and complex propagation constant y

relating to loss constant ¢ and phase constant £ are defined as

Zoz\/zz R+ joL -
Y \G+jaC

i(2) i(z+A2)
o— AN 0
[ RAz LAz I
V&) CAz — § GAz | yztAz)
e O
« N >

Fig. 2-7 Generalized representation of equivalent circuit for an infinitesimal length of transmission

line with lumped elements.
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Strip conductor

Fig. 2-8 Geometry of a microstrip line

y=a+ jB=JR+ jol) G+ joC). 2-65

For a microstrip line illustrated in Fig. 2-8, the series impedance and shunt admittance, per unit
length, can be written as [11] [12](referring to [13])
Z = joug +2,(2,+7,,), 2-66
Y=jwsye,. /g, 2-67
where g; and g, are geometrical factors, &, is the effective dielectric constant of the corresponding
perfectly conducting microstrip line and Z; is the surface impedance for superconductor or normal
conductor. Here we assume that the loss of the dielectric is negligible. The characteristic impedance

and propagation constant of this superconducting transmission line are [14]

Z“ne =\/Z= 8o \/1_] gZ(Zsl +Zzsz) , 2-68
Y \/g wEWE o
— Zy+7Z
71ine=a+jﬁ= ZY=jk0‘\lgre\/1_jM’ 2-69

2
[Z¥3Ul

where 7 is the free space impedance. For the corresponding perfectly conducting line, Z; = 0 and

Zs, = 0. Its characteristic impedance is

z,=5 2-70

/%

Applying the eq. 2-70 to eqgs. 2-68 and 2-69, we obtain

Zline :Zp 1_] anO(ZSl +ZSZ) , 2-71
w/UOZp Cre
Zy+Z
7 = jkorl€.e FjM_ 2.7
w,uOZp‘V Ere

Closed form analytical expression for g, is given by
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, w' 1 InQh/t)—t,/h
w+t—— 1+ —+—— L —
z(w'/2+0.94) w w'

gz = 2 , B
h{w' + = 1n|:27le(w + 0.94]}}
T 2

w+ tlln(Zh + 1]
2 7a tl
w' = . 2-74

h

2-73

where

At frequencies below the gap, the loss of the line can be neglected. Assuming also that both the strip
and the ground are thick compared to the penetration depth, we can calculate the surface impedance
using the two fluid model. At frequencies near the gap, the loss and the effective penetration depth of
the line should be considered. In this case, surface impedance calculated by Mattis-Bardeen theory

as described later, is used.

2.3.3 Numerical simulation of a superconducting microstrip line using HFSS
Representing the superconducting film by thin sheets with complex surface impedance [18], we
are also able to extend HFSS for simulating superconducting microstrip lines [19][20]. To verify the
feasibility of this method, we calculated an NbTiN/SiO,/Al (300/300/500 nm) superconducting
microstrip line with a width of 4.5 um from 0.7 to 1.3 THz and compared the results with analytical
ones described in section 2.3.2. The simulation model is shown in Fig. 2-9. The strip was set as a

box structure with conducting sheets having different surface impedances Zgi, v and Zgyip n

Port 2

Port 1

ARNNGN (0)) )
Zground(@)

Fig. 2-9 Simulation model of the superconducting microstrip line using HFSS. The strip is set as a

box structure with conducting sheets having different surface impedances for vertical and horizontal

planes. Note that the dimension of the strip conductor and dielectric are highlighted to understand the

model easily.
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depending on the actual thickness for vertical and horizontal planes. Likewise, the ground plane is
represented as the infinite conducting sheet having Zyoung. Since HFSS does not correctly treat a
wave port containing highly inductive impedance boundaries, a short section of microstrip line of
ideal conductor was added to the front of a short-circuited superconducting section. The reflection at
the input of the superconducting section could be easily de-embedded and in turn the superconduct-
ing microstrip line characteristic parameters were calculated.

Fig. 2-10 (a) shows calculated real and imaginary parts of the surface impedance used for both
analysis of the microstrip characteristic. The complex conductivity for the NbTiN film (7, = 14.5 K,
24/e =4.9 mV, p= 100 pQcm) with a thickness of 300 nm is based on the Mattis-Bardeen theory in
the extreme anomalous limit, while the surface impedance of the Al (p = 0.25 pQcm) with a
thickness of 500 nm is calculated in the local limit. The simulation results of characteristic imped-
ance Z, effective dielectric constant &, and transmission loss are compared with analytical ones in
Fig. 2-10 (b). Obviously, both results give consistent dispersion characteristics as well as ref. [19],
except for the differences of about 15 % in Z,, which are caused by slightly different current

distribution on the surfaces of the wiring and ground plane layers developed in the two methods.

HFSS

7 10 20 ¢ 1 6
] 18 f Z, ---O--- Analytical 7

Im[Zs] (Q)

w
Loss [dB/wavelength]

0.0001 s i O I |
07 08 09 1 11 12 13 0.7 08 09 1 11 12 13
Frequency [THz] Frequency [THz]

(a) (b)
Fig. 2-10 Calculated real and imaginary part of the surface impedance (a) used for the analysis of
the microstrip characteristic (b). The solid line and the open symbol indicate the results for analytical
calculation and numerical simulation using HFSS, respectively. The complex conductivity for the
NbTIN film (7. = 14.5 K, 24/e = 4.9 mV, p = 100 pQcm) with a thickness of 300 nm is based on the
Mattis-Bardeen theory in the extreme anomalous limit, while the surface resistance of the Al (p =

0.25 uQcm) with a thickness of 500 nm is calculated in the local limit.
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2.3.4 Power transmission calculation to junctions using transmission matrix

In this section, power transmission method from feed-point to junctions is presented using
transmission matrix (T-matrix). The calculation is conventional way to estimation the bandwidth and
tuning circuit loss, and allows direct comparison with junction coupling measured by Fourier
Transform Spectroscopy.

T-matrix is very convenient measure for the calculation of practical microwave networks con-
sisted of a cascade connection of two-port network [8]. The T-matrix is defined for a two-port

network in terms of the total voltages and currents as shown in Fig. 2-11 in matrix form:
Vi £
=Tl 7] 2-75
I I,

|4 B 2-76
[]—CD. -

where

For a cascade connection of two-port networks, as a more general case, the T-matrix is given by

[r]=[n]-[n)-[r =T 170 2-77

N
Fig. 2-12 shows the most popular circuit of SIS mixers which is consisted of a quarterwavelength
impedance transformer, two junctions, and a tuning line to construct resonance circuit. Let us
consider the power transmission coefficient for the circuit from a feed point to each SIS junction.
T-matrix [7;] for a transmission line with characteristic impedance Z;, length d, and complex
propagation constant y described in previous section is represented by

cosh(y-d) Z,sinh(y-d)

[T,]= smhé}/-d) cosh(r-d) |" 2-78
0

It is well-know that an equivalent circuit of the SIS junction can be represented by a capacitance C;
in parallel with the junction’s resistance R;. In a similar way, since the SIS junction is connected in

parallel to the transmission line, then T-matrix [7;] for the SIS junction is represented by

10
T]= 2.
) [1/2j 1}’ 7

where Z; = (1/R; + joC; ).

Il 12
+ O—— A B 0O +
Vl V2
_Oi C D —-a0 —

Fig. 2-11 Two-port network related to the current and voltage
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(T1=1[7, 1L 1T 1T 1 (7, 11T ]

(7,1 T,
,—O{ Zy, s dy M Zy, Vs dy Zy, 1. d Zy. 14 d,
|
Cj
@ 5 Junctionl Junction2

SIS junctions
Impedance transformer

Feed point @ @

d, d, d; d,

Fig. 2-12 A circuit of an SIS mixer consisted of a quarterwavelength impedance transformer, two

junctions, and a tuning line to construct resonance circuit.

For o << 1, the junction resistance determined by /-V curve is

-1
ho ho
Rj :l/Gj |:2hw[1dc(V0 " ) IdC(VO—7)ﬂ . 2-80

From eqs.2-78 and 2-79, total T-matrix becomes as follows:
[T]1=[01-[L15]-15]-7]-[7, ] 2-81
By using components of the matrix, the input impedance on the right side of the circuit seen at the
position of the feed point is determined to be
input :&:ﬁn 2-82
T €
where the subscript indicates the components of the row and column of the total 7-matrix. If the

voltage source at input port is Vs, a matrix to define the input current and voltage can be represented

by

V.Z,

[U]:; put 2-83
Z, +Zfeed V

input s

The voltage across each junction can be calculated to be
Vi =[G LD UL, =[((R)-[T)-[T,1- (LD 7' U] - 2-84

The subscript also indicates the row component of the matrix. Therefore, consumed powers in each

junction are
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4 ol
Py = ; Py = : 2-85
Re(Z)) Re(Z;)
The available power of the circuit is
2
Vs 2-86

P ="m o
4 Re(Zfeed)

Thus, dividing eqs.2-85 by eq. 2-86, it can be calculated that the transmission power coefficient is
B+ P

Ctotal = 2-87
Pavg
Furthermore the reflection coefficient is given by
= chcd _Zi;put ) 2-88
Zfeed + Zinput

Employing the above calculation method, the loss Gy, in the tuning circuit can be included for the

mixer gain
Gr,nix = Gmix 'Gtune : 2-89
2.4 Receiver noise measurement
2.4.1 Y-factor method and conversion gain measurement
Assuming that the output power of the receiver does not saturate to input signal,
Pout = Grec (Prec + Pin ) ’ 2-90

where Prgc, Piv and Gggc are equivalent input noise power for the receiver, input power from a
blackbody source and receiver conversion gain. The available power radiated at the surface of the
blackbody at a temperature 7 is given by

P=FkgTB, 291
where kg is Boltzmann’s constant. At high frequencies or low physical temperature, Callen-Welton
formula [9] suggested by A.R. Kerr et al [22] is used for the calculation of effective input tempera-

ture, which includes Planck’s law plus zero-point quantum fluctuations:

hf 1 hf
Tegw = + 2-92
VT T 1 2k

Using the powers from a blackbody source at a temperature of Tcgw, hot and Tcgw cold We have
Put,hot = GrcckBB(TRX + TC&W,hot) and 2-93

O

F, ut,cold — GrcckBB(TRX + TC&W,cold) . 2-94

[V

The equivalent input receiver noise temperature is calculated as:

T - YT
TRX _ C& W, hot C&W,cold , 2-95

Y-1
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Fig. 2-13  Schematic of (a) Y-factor method and (b) shot noise method.

where the Y is defined as the ratio of Ppy/P.oq and the measurement method is often referred to as

the Y-factor method. From the measurement, receiver conversion gain can be also found as

P P

out,hot — £ out,cold

2-96

= GrpGix Gr -

rec mix

(Tegw ot = Tegaw.cola ke B
The receiver conversion gain corresponds to the slope of Fig. 2-13 (a). We can also estimate the
mixer conversion gain G 'nix containing RF gain Ggrr (<1, usually) by subtracting the IF gain
measured with shot noise method [21][23]. It is calibrated by the linear branch of IF output shown in
Fig. 2-13 (b):

_ Py
IF é s
2k

G 2-97

P’r is the derivative of IF power with respect to dc bias voltage in the linear region beyond the
junction’s gap voltage, and
4R R
’7 — n~ne > , 2_98
(Rin + Rne)
represents the IF coupling efficiency (neglecting the reactive components) with the IF load

resistance and the equivalent normal resistance.

2.4.2 Testreceiver

Fig. 2-14 shows schematic diagram and photograph of a typical test receiver system. Receiver
noise measurements takes blackbody loads at room-temperature (295 K) and liquid-nitrogen-cooled
(77 K). The local oscillator (LO) source is an all-solid-state multiplier chain comprising a synthe-

sized microwave signal generator (SG), an active frequency quadrapler (x4) for W-band, an 88—105
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Measurement instruments
T IF system at room temperature

'/
[ = 4K stage
; c O |

SE |

gg |
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\ 12.5 pm Beam splitter
/ Chopper
Signal generator 21-27 GHz k N
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i load Cold
P EIE R

100 GHz
Power Amplifier

Fig. 2-14 Schematic diagram and photograph of a mixer test receiver.

GHz power amplifier, and a frequency nonupler (x9) for the 0.9-THz band. The LO power and RF
signal are quasi-optically combined by a 12.5-um-thick polyimide beam splitter, radiation then
enters the cryostat through a 12.5-pm-thick polyimide vacuum window and a porous Teflon sheet as
an infrared filter. The down-converted IF signal is amplified by using a cryogenic HEMT low-noise

amplifier having a noise temperature of 5 K over 4-12 GHz.
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Chapter 3
Material selection and feasibility study on SIS
mixers for the ALMA band 10

3.1 Overview

This chapter provides a brief overview of material’s selection and better combination, circuit
selection and its fabrication for the terahertz waveguide SIS mixer. It is well-known that the
waveguide SIS mixer is the most important component, which consist of input waveguides, an
antenna probe doubled with transition to microstrip mode, tuning circuits, SIS junctions, and IF
circuits, because it dominants the performance of the low-noise receiver. In eq. 1-7, the SIS mixer
performances are defined by Tiix, Gmix, aNd Gype. Thix and Gy are determined by SIS junction
properties, such as nonlinearity of the /-V curve and leakage current, and the embedding circuits. The
Ohmic loss Gyye in the tuning circuit which might be included in Ggg strongly depends on film
properties and combination of the material. In addition, the input loss not only increases the receiver
noise temperature but also forces the apparent bandwidth of noise temperature narrower, unlike
bandwidth determined by Q of resonance circuit in this case.

Unfortunately, the performance of well-established Nb-based SIS mixers is degraded at the
frequency of above 0.7 THz due to two factors: (a) Firstly a drop of the mixer performance the T«
and Gpix, because n=1 and n=2 photon steps completely overlap above 0.7 THz, while the upper
limit for SIS mixers using Nb junction is 1.4 THz in principle, twice the gap frequency [1]. In
addition, the mixer can only be operated at a limited bias voltage of V' > hiw/e—V, because of the
overlapping n=1 photon step from the negative branch. (b) Secondly, increase of the RF losses Gyne
in their tuning circuits significantly due to the onset of pair-breaking above the Nb gap frequency.
Hence it is no longer available for well-established a//-Nb SIS mixer technologies at this frequency.
It would be, therefore, needed to verify the performance and limitation for each junction and

microstrip line, and to select the best combination of material out at this frequency.

3.2 Practical application limitation of SIS junctions

We investigated mixing properties for three SIS junctions as the candidate of terahertz mixing

element as follows:
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Fig. 3-1 Three current-voltage characteristics of (i) Nb/AlIO,/ND, (ii) Nb/AI/AIN/NDTiN, and (iii)
NbN/AIN/NDBN junctions. Those referred to a typical experimentally-result for the Nb-based junction
fabricated in our laboratory, to one for the NbN-based junction in NiCT [4], and to the paper of [5] for

the NbTiN-based junction in JPL. The normal state resistances were set to 10 Q

(1) Nb/AlO4/Nb (Nb-based) junction:

The commonly used and well-established junctions having the gap voltage
about 2.8 mV allowing building sensitive receivers up to the frequency of
about 1.1 THz.

(i1) Nb/AI/AIN/NDbTIN (NbTiN-based) junction

Junction having the gap voltages of 3.3-3.6 mV that promising results are

reported at the 1.1-1.3 THz [5][9].
(ii1)) NbN/AIN/NDbN (NbN-based) junction

Junction expected as promising device above 1 THz to 2.8 THz because of
having the gap voltage of 5.6 mV, and that superior performance are demon-
strated at the 0.5 and 0.8 THz [2]-[4].

SSB receiver noise temperature and SSB conversion gain was simulated for the mixers using
quasi-five-port model based on Tucker’s quantum theory of mixing, at frequencies up to 2.5 THz. As
a typical example, the I-V curve of the junctions used for the simulation is shown in Fig. 3-1. Those
referred to a typical experimentally-result for the Nb-based junction fabricated in our laboratory, to
one for the NbN-based junction in NiCT [4], and to the paper of [5] for the NbTiN-based junction in
JPL. The normal state resistances were set to 10 Q. It was assumed that the junction capacitance was
tuned out, and the embedding and IF load conductances seen by the intrinsic SIS junction were 1/R;

and 1/50 Q' at each simulation, respectively. The noise temperature of an IF chain was 10 K at 8
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Fig. 3-2 Simulated (a) receiver noise temperatures and (b) conversion gains for each junction at a

physical temperature of 4.2 K. The gray zone indicates the frequency range of ALMA band 10.

GHz. The pumping parameter « was fixed to be 0.8 and bias voltage was optimized at each
frequency. The resulting receiver noise temperatures and conversion gains at a physical temperature
of 4.2 K are shown in Fig. 3-2. The simulation suggested that the Nb-based junction achieved the
highest gain, while the NbTiN- and NbN-based junctions were not so high in the frequency range of
the ALMA band 10. The higher gain of the Nb-based junction is attributed to the stronger rising
current at gap voltage compared to that of the NbTiN-based junction, while both leakage currents is
not so different. Since the NbN-based junction has slope due to the leakage current in the subgap
current region, the slope makes it low the dynamic resistance and then difficult to obtain high
conversion gain. Regarding their receiver noise temperature, there is slight difference within about
20 K among the junctions, but that of the Nb-junction is still better. Note that the noise is not
including input loss, which increases their noise temperature entirely. In addition, as discussed in
later section 3.5, SIS junctions having a larger gap voltage are needed to achieve relatively high
current density to obtain the wider bandwidth. Thus, the performance of Nb-based junction might be
reasonably good for the ALMA Band 10 because of advantages of low noise temperature, estab-

lished fabrication, and moderate current density.
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3.3 Material selection for tuning circuit

For the terahertz transmission line, NbN and NbTiN having the gap frequency above 1 THz is
the most promising superconducting material. Their films should be deposited directly on a substrate
as ground plane to obtain ideal superconducting properties unlike wiring layer, because their
properties on dielectric layer, such as SiO,, can be degraded [6]. Accordingly, we evaluated the
attenuation of several microstrip lines consisted of different materials combination, which are
practically expected to achieve low-loss transmission for the terahertz frequencies as follows:

(a) Nb/SiOy/Nb (M-I): commonly used microstrip up to 0.7 THz, e.g. [1], [6].
(e) NbTiN/MgO/NbN (M-II): a full epitaxial superconducting film [2]-[4].

(b) NbTiN/SiOy/Al (M-III): taken at the frequencies of 0.8-1.1 THz e.g. [7],[8].
(c) Nb/SiOy/Au (M-1V): using epitaxial Nb films [5], [9]

() Al/Si0,/Al (M-V): normal metal microstrip [10]-[12].

The calculation was taken into account parameters summarized in Table 3-1 and performed as
based on Mattis-Bardeen theory described in chapter 2. The characteristic impedance of the
microstrip line is 15 Q. Fig. 3-3 shows the calculated attenuation of five types of microstrip lines as
a function of frequency. As predicted by theory, the loss of M1 microstrip increases rapidly above
0.7 THz because of the pair-breaking, so it is no longer available at the terahertz frequency. For the
ALMA Band 10 mixer design centered at the frequency of 0.87 THz, NbTiN/SiOy/Al or
NbTiN/MgO/NbN microstrip line should be used because the lower attenuation can be theoretically
achieved to be 0.52 dB/wavelength or close to 0 dB/wavelength, respectively.

Table 3-1 Resistivity at 4.2 K for the normal conductor and gap frequency and normal state
resistivity for the superconductor to estimate the microstrip loss. pof Au, Nb-a (typical) and

Nb-b(epitaxial) were assumed from [14], [5] and [13].

Material Fop [THz] | p[uQcm ]
Al - 0.25
Au - 0.22

Nb-a 0.7 6.4
Nb-b 0.7 0.3
NbTiN 1.2 100
NbN 1.4 50
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Table 3-11 Material Parameters used for the calculation of the microstrip attenuation

Ground plane Dielectric layer Wiring layer | Highest application
(270 nm thick) | (300 nm thick) | (500 nm thick) Frequency [THz]
M-I Nb-a SiO; (e,=4.4) Nb-a 0.7
M-I NbN MgO (g,=9.8) NbTIN 1.2
M-I NbTIN Si0, Al 1.2
M-IV Nb-b Si0, Au -
M-V Al SiO, Al -
16 16
14 + 14 ¢
12 | =12
2 2
310 t 10
g ¢
28 g8
S 6 g 6
2 2
S a4l S 4
2 M-I M-Il 2
0 ‘ : 0
02 04 06 08 10 12 14 16 18 20 02 04 06 08 10 12 14 16 18 20
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(a)

Frequency [THz]
(b)

Fig. 3-3 Calculated attenuation of five types [(a) superconductor only and (b) superconductor with

normal metal] of microstrip lines as a function of frequency.

If NbTiN/SiO,/Al microstrips are used for the tuning circuit with Nb-based junction, the loss

Gune 1n the tuning circuit is 1.9 dB and 2.5 dB better compared to those in Nb/SiO,/Au and

Al/SiOy/Al microstrip from the feed point to the junctions. Meanwhile, it is reported that

all-superconducting NbTiN/MgO/NbN configuration can not be applied for Nb-based junction due

to the occurrence of junction heating [15] . B. Leone et al described the heating as a trapping of heat

in the junction caused by the geometrical arrangement of the different materials constituting the

mixer [16]. The heating causes backbending of /-V curve and is also believed to degrade the mixer

performance. Hence, NbTiN/MgO/NDbN configuration is applicable only for NbN-based junction. As

mentioned in previous section, receiver noise temperature of NbN-based junction is slightly higher,

and higher current density junction is needed. In conclusion, the combination of NbTiN/SiO,/Al

microstrip with the Nb-based junction would be promising for the ALMA Band 10.
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3.4 Suitable tuning circuit for the ALMA band 10

An SIS junction has large geometric capacitance which can shunt the RF signal. Thus tuning
circuits are necessary to tune out the junction capacitance and to match the junction impedance to the
antenna impedance. Unfortunately, since the NbTiN/SiO,/Al microstrip lines have Ohmic losses,
short matching circuit as possible must be designed, e.g. one section impedance transformer. So far,
three types of tuning circuits mainly have been suggested and used for SIS mixers as shown in Fig.
3-4: (a) End-loaded, (b) RF-shunted capacitor, and (c) twin-junction. Of them, it is well-known that
the twin-junction resonance circuit whose detailed description is given by J. Zmuidzinas et al [23],
namely parallel-connected-twin-junction (PCTJ) [24], has advantages in broader bandwidth, easier
matching to antenna impedance, and better peak coupling for the case of using lossy material [25].
The PCTJ is composed of two parallel-connected SIS junctions at the two ends of an inductive
superconducting microstrip line that compensates for the geometric capacitance of SIS tunnel
junctions at a desirable frequency. The quantum mixing theory was applied for the twin-junction by
S. C. Shi et al [26]. We adopted the twin junctions tuning circuit for the band 10 mixer, investigated
the characteristics theoretically and experimentally in detail. The design method will be described in

chapter 5.

Lt

(a)
(b)

o

Rj

(c)

o 9

Feed point Ry2

Fig. 3-4 Schematic and equivalent circuit for three types of the tuning circuit (a) End-loaded, (b)
RF-shunted capacitor, and (c) twin-junction. Dashed line indicates boundary between the impedance

and the resonance circuit.
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3.5 RF bandwidth and optimum Junction current density

In general, the bandwidth of resonance circuit is characterized by Q-factor (= fo/Af"). When the
SIS junction capacitance is tuned out by an external inductance, the Q-factor of the resonance circuit
is related to the wRnC; product, where the @, Ry, and Cj are angular frequency, normal state
resistance and specific capacitance, respectively. As discussed in later chapter 5, the bandwidth of
receiver noise temperature is not simply determined only by the wRnC; product for this frequency at
least, but the product is still important indicator to characterize the SIS junction. The wRnC; product

is related to the junction current density, which is evaluated with the gap voltage Vg, and tunnel

resistivity Rn4:
14
J =2 3-1
4 R A

O-factor, i.e. the @RNCj product can be represented as a function of J..

Vv,
@R\ C; = o(Ry A)C, = a{%%)C , 3-2

where Cs is specific capacitance depending on the J, and is estimated to be
1.33%107"
T 02-0.04310g(J,107)°
for Nb/A1O, /Nb junction with J. = 0.1 to 18 kA/cm’,
C, =71x1073(J,1077)*16 3-4
for NbN/AIN/NDN junction with J, more than 15 kA/cm® [19].

3-3

S

The junction dependence of the eq. 3-3 is assumed on the basis of ref. [18], with a scale factor of
1.33 used to yield a specific capacitance of 85 fF/um” for a current-density of 10 kA/cm’, as well as
ref. [17]. From the eq. 3-2 , it is found that the junction coupling bandwidth is approximately
proportional to Ve,Cy/Je. This implies that higher J., that is, thinner junction is needed with
frequency. Besides, since the NbN/AIN/NbN junction has about twice larger gap voltage to Nb
junction, the J; should be about two to three times higher than that of the Nb/AlO4/Nb junction to
achieve the same bandwidth from the eqgs. 3-2, 3-3, and 3-4. Conversely, the Nb/AlO,/Nb junction
has the advantage regarding J, as well.

In terms of the optimum wRnC;, Kerr et al proposed a rule wRnC; = 400/f (GHz) [20], but then a
frequency-scaled 500 GHz SIS mixer should have J, >50 kA/cm’, much higher than can be
conveniently fabricated. In contrast, this rule does not seem to reflect actual experimental results for
submillimeter mixers, e.g. [21] and Q. Ke and M. Feldman claims GRy is only weakly dependent
upon frequency for high frequency SIS mixers [22]. Obviously, the low product, i.e. high J. makes it

possible to achieve the wide bandwidth and to reduce the tuning circuit loss. However, too high J.
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junction may result in the saturation, harmonics generation which causes degradation of the
conversion efficiency, and increasing noise due to enhanced shot noise. Therefore, optimum J,
should be chosen. Our theoretical and experimental results suggested that the optimum J, of the
Nb/AlO,/Nb junction at the 0.9 THz band was 10 to 15 kA/cm® which yields the @wRnCj of 7 to 10,

combined with the consideration of the easier fabrication as discussed in next section.

3.6 SIS mixer fabrication

This section provides a brief overview of fabrication process for the Nb-based SIS junction
mixer in combination with higher-gap superconductors and low-resistivity normal metals for the
embedding circuit. Such a hybrid structure might make the fabrication process complicate and
difficult, compared to all-Nb mixers, cause degradation of the SIS junction quality. For the
higher-gap superconductors, nitride compounds such as NbN or NbTiN have been used as bottom
layer on a substrate. Unlike NbN, NbTiN has the advantage that films with decent quality can be
obtained using conventional types of substrates, such as quartz. Quartz with its low dielectric
constant (g = 4) and relatively good mechanical stability is the most widely used substrate for
waveguide type SIS mixers. On-chip hybrid structures consisting of Nb/AlO/Nb SIS junctions and
an NDbTiN/SiO,/Al microstrip line yield state-of-the-art performance and look like the most
promising option for the ALMA-Band 10 receiver as described in sections of 3.2 and 3.3. One
possibility for further improvement might be to perform either deposition at elevated temperature,
employing buffer layers or using single-crystalline MgO as a substrate, with the latter enabling
epitaxial growth of these materials. A fabrication process for SIS junctions and films that use
epitaxial NbN technology on an MgO substrate has been developed in National Institute of
Information and Communications technology (NiCT). The epitaxially-grown NbTiN films on MgO
have advantages of higher critical temperature and conductivity, nearly perfectly smooth surface, and
weak dependence of electrical parameters on deposition condition. On the other hand, the one
possible problem is that MgO has a relatively large dielectric constant of about 10, requiring very
thin substrates for the mixer chips. In this section, film quality and fabrication process are summa-

rized as the basis on refs. [26], [28], and [31]

3.6.1 Film properties for superconductor and normal conductor
3.6.1.1 Fabrication of NbTiN films on fused quartz substrate

This section reports investigation and optimization of electrical properties for NbTiN films on
fused quartz substrates. It is known that the film properties on fused quartz substrates have
significantly dependence on the deposition condition, and influence SIS mixers sensitivity near its

gap frequency [30]. One of the possibilities for further improvement of pyox and 7, is deposition at



Material selection and feasibility study on SIS mixers for the ALMA band 10 53

Target: NbTi (Nb:100, Ti:20 in weight)
Size: 8 inch

Base pressure: > 2 X 10” Pa

Ar: N, =100:36 sccm

Pressure: 2 mTorr

Bias current: 4 A

P.D.: 4.6 W/em

Fig. 3-5 DC magnetron sputtering machine for the deposition of NbTiN films in NiCT and typical

deposition condition.

an elevated temperature, e.g. 400 °C [29][30]. However this might cause increase of stress, which
makes it difficult to fabricate high quality SIS junction on the film. Our approach optimizes the
deposition condition yielding low p,ox and high 7, at room temperature. The optimization process
has been established by M. Takeda (of Sizuoka university at present) et al using facilities of NiCT
located in Kobe [27] and is summarized in Appendix D. The NbTiN film is deposited by DC
magnetron sputtering (see Fig. 3-5) using 8-inch-NbTi target onto a 3 inch fused quartz substrate.

The compounding ratio of the target is 100 in Nb and 20 in Ti in weight.

3.6.1.2 Fabrication of epitaxial NbTiN films on single-crystal MgO substrate

The NbTIN films are deposited on MgO substrates in the same condition (Fig. 3-5) as the one
for the fused quartz substrates at ambient temperature, because it has little dependence on deposition
conditions. The properties of the epitaxial-grown film are discussed in later section. MgO substrate
takes a role as dielectric material to construct circuits of waveguide-microstrip transition and choke
filter. In order to design more accurately and to know the loss, the complex dielectric constant of
MgO substrate was measured by using THz Time-Domain Spectrometer (THz-TDS) system, which
can simultaneously determine the amplitude and phase information of samples from transmission or
reflection measurements [32]. The transmission measurements were done in the frequency range of
0.1-4.0 THz at room temperature and at 5 K. The signal to noise ratio of the system is about 10000
and the spectral resolution is 10 GHz. As shown in Fig. 3-6, the refraction index was measured to be
3.1 which corresponds to a relative dielectric constant of 9.8 at the band 10 frequency [33]. The
result would suggest that it is available up to 2.5 THz at least because of the low dielectric loss of the

MgO substrate which will have insignificant effect on mixing properties.
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Fig. 3-6 Complex refractive index of MgO substrate at room temperature and 5 K measured by M.

Takeda using Terahertz Time-Domain Spectrometer.

3.6.2 X-ray diffraction patterns

In order to confirm the crystal properties of the NbTiN films on the fused quartz and single-crystal
MgO, X-ray diffraction (XRD) patterns were measured [28]. Fig. 3-7 presents measured typical
XRD patterns reflecting those crystal properties. In the film deposited on the MgO substrate, strong
(200) peaks were obtained for the NbTiN film and MgO substrate, indicating that the NbTiN film

could be epitaxially grown on the MgO substrate. The lattice constant of the NbTiN films was found

10°

——— NbTiN on MgO
—— NbTiN on Quartz
(200)

Intensity (cps)
6:)

10°

10" p " I

10(;5 35 h'wi'(‘)ﬁ' Mﬁ%\“‘ L‘“ I“so
20 angle (deg)

Fig. 3-7 XRD patterns of NbTiN films deposited on MgO and fused quartz substrates. Solid line is
for the film deposited on MgO substrate and dashed line is for the film deposited on fused quartz

substrate.
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to be 0.438 mm and the lattice mismatch between the NbTiN film and the MgO substrate was
approximately 4 %. In contract, the film deposited on the fused quartz showed some weak XRD

patterns, indicating that the film was polycrystalline.

3.6.3 Resistance-temperature characteristic and residual resistance ratio
According to Mattis-Bardeen theory [34], it is generally accepted that electrical important para-
meters for superconducting films are transition temperature 7, and normal resistivity p,ox relating to
gap frequency and surface impedance, respectively. Fig. 3-8 presents the best Resis-
tance-Temperature (R—7) characteristics of those NbTiN films. 7, and p,x residual resistance ratio
RRR (=Rz00x /Raox) Were obtained to be 14.8 K, 52 uQcm and 1.18 in an epitaxial NbTiN film, and
were 14.5 K, 80 uQcm and 1.10 in an poly-crystal NbTiN film, respectively (Note that an used NbTi
target is changed from one in sections 3.6.1). Combined with their measured properties, these results
infer their films are very high quality despite of the ambient deposition. Besides, it was found that
stress of these films is not strong: this might offer improvement for a yield and quality of Nb

junctions.

3.6.4 Properties of Al films

Evaporated Al films which are used as wiring layer are deposited by e-gun evaporation (EIKO
EB-5033) in an UHV vacuuming chamber. Typical RRR and conductivity oyx at 4 K are 10-15 and
4% 10* Q'm™ for a 500-nm-thick film deposited on sputtered SiO, which is chosen to ensure good

step coverage and minimize dc resistance [31][30].
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Fig. 3-8 Resistivity of NbTiN films on (a) fused quartz substrate and on (b) MgO substrate as a

function of temperature.
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Nb top
electrode

Fig. 3-9 Left: Twin-junctions after SiO, lift-off (nominal diameter ¢ =1 pm). Right: The tuning
section after Al lift-off.

3.6.5 Sequence of process steps

The sequence of process steps is described by M. Kroug in detail [31]. There are two important
differences in the type of equipment that is used: Optical lithography is done with an i-line (365 nm)
stepper which offers excellent control over resist pattern sizes down to 0.5 um and an overlay
accuracy of about 40 nm [35]. The short time required for alignment and exposure, usually a few
minutes, is a great advantage over the use of either a contact mask aligner or e-beam lithography.
The second difference is the introduction of an ICP etcher for junction definition to our fabrication.

All devices are fabricated on double-side polished 300-pm-thick quartz wafers having a diameter
of 35 mm, or on 400-um thick single-crystal MgO wafers of square 20 mm on a side. Fabrication
starts with deposition of a 270 nm thick NbTiN layer by reactive magnetron sputtering, as described
in section 3.6.1. The ground plane pattern is defined by etching NbTiN in a 5%0,/SF¢ plasma. In the
next step a standard Nb/Al-AlO,/ND trilayer (100 nm/8 nm/100 nm) is deposited covering the whole
wafer. Junction definition is based on a self-aligned process: The photoresist pattern first serves as
an etching mask and subsequently for lift-off of the dielectric. A single-step etching process is used
to remove the entire trilayer. NbTiN layer and junctions are doubly passivated, first by anodization
up to a voltage of 12 V, then 300 nm SiO, are deposited by rf magnetron sputtering and subsequent-
ly lifted off. For wiring, a lift-off mask is patterned, 500 nm Al is deposited by e-gun evaporation
and then lifted off. Micrographs show results of the last two process steps in Fig. 3-9 and the process

is summarized in Fig. 3-10
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1. NbTiN deposition and patterning 4. Anodization and SiO, Deposition

I, S

2. Trilayer deposition 5. SiO, lift off

T2000000000 M

3. Junction definition 6. Aluminum deposition and etching

PR

W///////fol’?} LSS LSS L

\:\’: r
N = Z

Al AlO, NbTiN Photoresist
SiO, Nb Substrate

Fig. 3-10 Sequence of process steps

3.6.6 Mixer chip fabrication

The method used to fabricate the mixer chip is shown in Fig. 3-12. After the junction fabrication
process, the MgO or quartz wafer are cut from the surface using a DISCO dicing machine. The
dicing blade is with a thickness of 25 um. As the wafer is cut to a depth of 70 um, the shape of the
blade does not appear in the cutting plane. The cut wafer is glued upside down on a lapping holder
and its backside is then polished down to a design thickness of 25 pm (MgO) or 40 um (quartz)
using a Multiprep lapping machine. The polishing starts with a diamond lapping film with a rough
grain. The polishing rate is then gradually lowered from 3 pum/min., and is finally performed with
high accuracy at a rate of 0.4 um/min. We are now able to fabricate the mixer chip with an accuracy

of around 5 pm in the width and thickness.
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mm NDTIN
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40 pm or 25 pm
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Fig. 3-12 Method used to fabricate mixer chip
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Fig. 3-11 Current-voltage characteristics of a twin junction, nominal junction diameter 1 pm,

current density 8 kA/cm® (solid line). A self resonance step by a tuning circuit is pronounced by

adjusting a magnetic field applied to the junction (dashed line).

3.7 Current-voltage characteristics and resonance step

Fig. 3-11 shows current-voltage characteristics and a self-resonance step by a tuning circuit.
Device with good junction quality factor Rs/Ry, which is defined as ratio of normal resistance and
subgap resistance at a bias voltage of 2 mV, have been obtained to be around 20 for several batches
with current densities between 6.5-10 kA/cm®. The resonance step was observed in the position of
1.8 mV, which corresponds to 0.87 THz. For higher current density junction, the quality drops

quickly and fabrication yield is low.
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Chapter 4
Development of waveguide SIS mixers based

on epitaxial NbTiN films on MgO substrates

4.1 Overview

In this section, we present a design, and test of waveguide SIS mixers with Nb/AlO,/Nb tunnel
junctions and NbTiN/SiO,/Al or NbN/SiO,/Al microstriplines in the terahertz band. This SIS mixer
adopts epitaxial NbTiN or NbN films grown on single crystal MgO substrates [1]; this mixer
possesses superior superconducting properties as compared to that with polycrystalline NbTiN films
grown on quartz substrates. By adopting these epitaxial films in well-established Nb SIS mixers [2],
the low-noise performance of the devices can be optimized at terahertz frequencies. On the other
hand, using an MgO substrate increases the difficulty in designing mixer chips for waveguides
because of the high dielectric constant of the substrate. This implies that some artifice is required for
designing the mixer chips as compared to using quartz substrates.

In first test, we design and test SIS mixers integrated with either NbTiN/SiO,/Al or NbN/SiO,/Al
microstrip lines. Results obtained from a detailed analysis of mixers on the basis of numerical
simulations are consistent with those obtained from the experiment and they reveal the possibility of
further improvement in the mixer performance. In second step, we offer a demonstration of low

noise mixer performance using NbTiN/SiO,/Al microstrip lines.

4.2 Design

We designed a waveguide-to-microstrip transition in order to achieve the following goals.

1. Low leakage of RF signal to IF port.

2. Suppression of the higher mode

3. Low-impedance probe using flat backshort cavity.

4. Easier mounting SIS chip

5. Full height waveguide WR1.2 to reduce its loss.
Fig. 4-1 shows a schematic of the design. The RF signal leakage is prevented by using a choke filter,
and the IF signal is allowed to pass through the IF port. Fundamental mode propagation to the IF
port or non-propagating higher mode causes additional loss. Occurrence of the higher mode depends

on the dielectric constant, strip width, and thickness of the substrate. The MgO substrate has a
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Fig. 4-1 Schematic layout of probe and choke filter on MgO substrate (left). The mixer chip width
and thickness are 85 pum and 28 pum respectively. Analyzed feed point impedance of wave-

guide-to-microstrip transition over 0.78-0.95 THz (right). The Smith chart is normalized to 15 Q.

relatively higher dielectric constant &~ 9.8 as compared with the commonly used quartz substrate.
Therefore, we need to use a smaller size of the MgO chip than that of quartz. On the other hand, in
order to ease in handling, it is better to use the substrate as thick as possible. A resonance choke filter
called hammer filter help to suppress higher modes and prevent leakage of the fundamental mode to
the IF port better than a conventional choke filter, if the substrate thickness is the same [1], [4]. We
decided to use an MgO chip with a width of 85 pum and thickness of 28 um based upon simulations
with the high-frequency structure simulator (HFSS).

We selected a WR-1.2 (152 um % 304 um) full-height waveguide to reduce additional losses due
to resistance and surface roughness. For lower frequencies, a reduced-height waveguide is used to
obtain low impedance, and the backshort cavity is milled to achieve wideband operation at a
desirable frequency. However in this frequency regime, because some fabrication errors due to
machining cause additional loss, the mechanical structure of the waveguide should be simplified. To
improve the accuracy in mounting the SIS chip, we design the bow-tie probe with a length of 152
um, being equal to that of the short side of the rectangular waveguide [1]. We optimized the bow-tie
probe to use the flat backshort to minimize the difficulty involved in fabrication, by using HFSS.
Bow-tie and choke structures consisting of NbN and Al films are represented by a thin sheet with a
complex surface impedance [5], [6]. The structure is set to an open angle of 23° so that the
impedance is low. The feed point impedance has 15 Q for both the real and imaginary parts,
depending on the frequency, as shown in Fig. 4-1. According to simulations, this inductive part is

helpful in achieving a high mixer gain despite slight degradation in the LO coupling frequency [1].
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Fig. 4-2 Optical photograph of the mixer and schematic structure of the NbN/SiO,/Al microstrip-
line and SIS junction. The PCT]J is directly located on the feed point without the quarter-wavelength

impedance transformer.

We designed a tuning circuit at 0.87 THz, which is the center frequency of ALMA Band 10. We
used a two-junction tuning circuit, which has a structure composed of two SIS junctions connected
in parallel by an inductive line. The PCTJ has the advantages of larger junction size and reduced RF
resistance [7]. The critical current density J, of an SIS junction is set to 10 kA/cm® in order to
operate it wideband, and its specific capacitance is assumed to be 85 fF/um”. The size of an SIS
junction is 1.0 um in diameter. The microstripline used to tune out the geometric capacitance of the
SIS junction consists of NbN/SiO,/Al. We assumed in the design that the Al conductivities at 4.2 K
and NbN normal state are 1.1 x 10® and 0.8 x 10° Q 'm™', respectively, and the gap frequency of
NbN is 1.4 THz. By using these parameters, the surface impedance of the NbN film was estimated
by calculating the penetration depth using the Mattis-Bardeen theory [8]. In addition, by taking into
account the spread inductance, which is the effect of curved current around the junction, we
determined a tuner length of 6 um as the standard. In order to characterize the tuning circuit
experimentally, the tuner length was varied from 5 to 7 um, and the junction size was varied by 0.1
pum in diameter. The two-junction circuit, which has an impedance of approximately 13 Q is directly
located on the feed point without the quarter-wavelength impedance transformer, as shown in Fig.

4-2. The mixer fabrication processes are described in chapter 3.
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4.3 Evaluation of the mixer

We firstly observed the Josephson resonance step of MA-mixer, which appears on the I-V curve
as a result of the ac-Josephson effect, as shown in Fig. 4-3 (a). The resonance step was pronounced
by applying a magnetic field to the junctions. It can be seen that the voltage position of the
resonance step is approximately 2.1 mV, which corresponds to 1 THz. This result predicts that the
tuning frequency is slightly higher than the designed frequency of 0.87 THz because of the shorter
tuner length. Fig. 4-3 (b) shows a typical /-V curve of one of the several measured mixers. Nb
junctions with a current density of 6.5 kA/cm?, which are lower than the designed value, show good
I-V characteristics yielding a subgap-to-normal-state resistance ratio greater than 20. Receiver noise
measurements were conducted using the standard Y-factor method with room-temperature (295 K)
and liquid-nitrogen-cooled (77 K) loads.

Corrected for losses in the beam splitter and the vacuum window, the receiver noise temperature,
which was calculated on the basis of the Callen and Welton formula [9], is shown in Fig. 4-4 as a
function of LO frequency. The measured result of the A-mixer shows 440 K (DSB) at 1 THz, which
is approximately 10 times that of the quantum limit, despite the low conversion gain of approx-

imately —10 dB. We evaluated MB- and MC-mixers (with J, = 8 kA/cm?) in which an epitaxial
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Fig. 4-3 (a) An observed resonance-induced Josephson step in the /- curve. The step was
pronounced and suppressed by changing applied magnetic fields. It appears at about 2.1 mV which
corresponds to 1 THz. (b) Typical I-V characteristic and heterodyne response of the MA-mixer with
hot and cold load at LO frequency of 1 THz and over the IF of 4-12 GHz.
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Fig. 4-4 Measured receiver noise temperature of three devices with different tuning lengths as a
function of LO frequency. They are corrected for losses in the beam splitter and the vacuum window.

Also shown is theoretical calculation based on design parameters with J, of 8 kA/cm®.

NbTiIN film, instead of NbN, is used as the ground plane. Because the noise performances are similar
to that of MA-mixer, the epitaxial NbTiN film may have almost the same properties with the
epitaxial NbN film. An interesting feature is that all mixers show sharp noise increase at around 0.94
THz, which is not expected from a theoretical calculation based on our design parameters.

We verified the validity of these results in the following ways. The thickness of the mixer chips,
which is important to influence feed impedance, was measured using an optical microscope. The
thickness of the MA-mixer was found to be 29 um close to the designed mixer and two MB- and
MC-mixers were observed to be 36 um, which was much thicker than the designed mixer. Based on
their thickness, we analyzed the microstrip-waveguide transition for the feed point impedance and
transmission characteristics of fundamental and higher modes to the IF port with the HFSS. The
results showed that their modes pass to the IF port over the entire band of more than 0.93 THz in the
thickness of 29 um and more than 0.88 THz in the thickness of 36 um. As a result, feed point
impedance becomes an undesirable value on the Smith chart. In addition, by using the feed point
impedance, we calculated the conversion gains for the mixers, as based on Tucker’s simplest 3 port
mixing theory, to be compared with the measured gains, as shown in Fig. 4-5 [10]. These parameters
were calculated at IF of 8 GHz. There are the presences of typical measurement errors of about £ 1.5
dB which refer to three standard deviations. The calculated gains are approximately 2 dB higher than
the average measured gains. It should be noted that the calculation does not include any excess

losses due to leakage of signal to IF, blackbody load not being perfectly black, receiver optics losses
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Fig. 4-5 (a) Feed impedance for the thickness of 29 um (left) and 36 pum (right) (b) Comparison
between the simulated and measured values for the mixer gain plotted as a function of the LO

frequency.

in the mirrors, diagonal horn and waveguide, and dielectric losses in the beam splitter, vacuum
window, MgO substrate, and SiO, layer.

Thus, if the lower gain in the experiment is attributed to these excess losses, the results calculated
by considering the low loss of epitaxial NbN film is consistent with the measurements. Therefore,
the unexpected noise performances in the experiments are attributed to the operating frequency, for
the substrates being thicker than expected, and not for the Nb SIS junctions and NbN/SiO,/Al tuning
circuits. To ensure continuity in the operation, our detailed analysis shows that a substrate with
thickness close to 25 pm is required. Although it is still possible to fabricate such a thin MgO
substrate, a narrower strip choke structure may help to use a thick substrate up to 35 um. We believe

that such improvements will reduce the noise temperatures.
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4.4 Improved design

In the above design, the feed point impedance had the inductive part with frequency dependence.
Although this inductive part was helpful in achieving a high mixer gain due to higher dynamic
resistance, there have been suggestions that the feed impedance made the bandwidth of mixer noise
temperature narrower and the noise temperature higher due to a mismatch to noise optimum
impedance as described in section Chapter 5. Besides, the results in section 4.3 suggested the
occurrence of the higher mode and/or the leakage of RF signal as a possible cause of the noise
temperature increase more than 0.9 THz. In order to improve the noise performance, robust design

would be needed for them.

4.4.1 Higher mode and choke filter design

Higher mode occurrence for the shielded microstrip line depends on a width, thickness, and
dielectric constant. Even if the 25-pum-thick MgO substrate is selected as a reliable case, a narrower
strip choke structure may help to suppress the higher mode because it can be avoided that RF signal
couples to the side wall of the mixer chip slot. Referring to a paper of [11], a quarter-wavelength
transmission line can be replaced by the stepped transmission line consisted of two connected series

transmission line sections. The equivalence between the uniform quarter-wavelength long open-stub

Zy, A4 Z, 0, 2,0

6, (degree)

0, (degree)

Fig. 4-6 Equivalence of stepped impedance and open circuit and quarter-wave sections (above). 0;

versus 6 for different values of K (below)
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Fig. 4-7 Dimension of the optimized hammer filter and the analyzed results (left: 3 stages, right: 4
stages).

section and the stepped impedance section is investigated using transmission line theory. 6, and 6
denote the effective electrical lengths of the lines with Z, and Z, characteristic impedances,
respectively. Investigating the input impedance of the stepped impedance section at resonance, the
following equation can be derived:
K=é=tan6’1tan02, 4-1
Z

where K equals to Z,/Z;. Design curves are drawn in Fig. 4-6 for different values of K. The total
electrical length of the resonator is given by 6, = 6, + 6. It is noted that for K = 1, the total electrical
length is 90c and the total length of the stepped resonator decreases as the impedance ratio K
decreases. Therefore, in order to be shorter for the total length, K should be lower. On the other hand,
for practical realization of microstrip lines, the characteristic impedances should be bounded in the
region (25 Q < Z <150 Q). Consequently, the corresponding practical impedance ratio must be in
the range (0.17 <K <4).

An initial value of the K is set to about 0.2 with 6, = 6, to analyze the design of the hammer
chock filter. A dimension of the optimized filter and analyzed results are shown in Fig. 4-7. It is
found that the both 3 and 4 stages filter can suppress the occurrence of higher modes and signal

leakage below —30 dB over the 0.78—0.98 THz.



Development of waveguide SIS mixers based on epitaxial NbTiN films on MgO substrates 71
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Fig. 4-8 Feed impedance of the bow-tie antenna from 0.78 to 0.95 THz when L is set to 15, 25, 35,
45, and 55 pum with the angle #and substrate thickness t fixed to 15° and 25 um, respectively. The

smith chart is normalized to 30 Ohm

4.4.2 Probe design

According to ref. [4], L and & (see Fig. 4-8) control the real and imaginary part of the average
feed impedance. Increasing L results in an increase of Re(Zgeq) and a decrease of Im(Zgeq), While
increasing a results in a decrease of both Re(Z¢..q) and Im(Zg.q). On the basis of the principle, Zgeeq
was optimized with HFSS so that it remained in a small region of the Smith chart and did not have a
reactive part. Fig. 4-8 shows the feed impedance of the bow-tie antenna from 0.78 to 0.95 THz when
L is set to 15, 25, 35, 45, and 55 um with the angle 6 and substrate thickness ¢ fixed to 15° and 25
um, respectively. As illustrated in Fig. 4-8, it is found that the feed impedance has almost real

impedance of 30 Q at the center of the working frequency range when L is around 35 um.

4.4.3 Mixer chip and tuning circuit design

Fig. 4-9 shows feed impedances of an optimized mixer chip with HFSS likewise for different
thickness by combining the probe with the hammer choke filter designed in sections 4.4.1 and 4.4.2.
Obviously, it can be found that the feed impedance strongly depends on the substrate thickness due
to high dielectric constant of MgO. In terms of the issue for higher modes, it seems to hardly occur
for thicknesses up to 30 um from another analysis. Also shown is a photograph of a mixer chip and
listed is parameters of SiO,, NbTiN and Al films used for design of tuning circuit. The parameters
are based on measurement results. As a result of the optimization for the feed impedance to have
almost real one, the length L of the bow-tie antenna is determined to be 37 um for the substrate
thickness for 25 pum. To match impedances between twin-junction and feed point, a quar-
ter-wavelength impedance transformer with the length of 28 um and the width of 2.5 um is inserted.

The two-junction circuit uses the same one as designed in section 4.2.
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Fig. 4-9 Analyzed feed impedance including the combination of probes and hammer filter for
different thickness over the 0.78 to 1 THz. The smith chart is normalized to 30 Ohm. Also shown is a
photograph of a mixer chip and listed is parameters for design of tuning circuit. As a result of the
optimization for the feed impedance to have almost real one, the length L of the bow-tie antenna is

determined to be 37 um for the substrate thickness of 25 um.
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Fig. 4-10 Current, IF output power with hot and cold load and corrected noise temperature of
ME-mixer at the LO frequency of 0.83 THz and over the IF of 4-12 GHz as a function of bias

voltage.
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4.5 Mixer performance and discussion

MD- and ME-mixers with 18- and 27-pum-thick (close to the design) MgO substrate respectively
were prepared for the test of the improved design. Nb junctions with a current density of 6.5 kA/cm®
also showed good I-V characteristics yielding a subgap-to-normal-state resistance ratio greater than
20. Fig. 4-10 presents the measured current-voltage characteristics of ME-mixer with and without
LO at 0.83 THz. Also shown are the corrected noise temperature and the IF responses to hot and cold
loads as a function of bias voltage. The maximum Y-factor was 2.21 dB, corresponding to an
uncorrected and corrected receiver noise temperature of 248 K and of 171 K. The frequency
dependence of the noise temperature for the mixers is shown in Fig. 4-11. Except for their thickness
and slightly different Ry (Junction size), MD- and ME-mixers has all the same parameters (e.g. tuner
length, Ry/Ry). Since the slightly different Ry of 1.4 Q between the mixers does not influence their
performances relatively, the difference between their performances should depend on the feed
impedance related to the substrate thickness strongly. This is interpretable that a low embedding
source impedance of ME-mixer transformed by quarter-wavelength microstrip line with the
characteristic impedance of 22 Q allows broader bandwidth and lower noise because of good
matching with two-junction’s one. On the other hand, the higher noise temperature of MD-mixer is
caused by a mismatching between the junctions and the embedding circuit, and the impedance locus
having frequency dependence which inversely draws with twin-junctions impedance makes the

bandwidth narrower. This result is good agreement with the theoretical expectation.
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Fig. 4-11  LO frequency dependence of noise temperature for MD- and ME-mixers. Their measured

substrate thicknesses were 18 and 27 pum.
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Fig. 4-12 Fitted pumped /-V curve to the measured one by sweeping embedding impedance on the
basis of ref. [12] The mixer gain is calculated from the pumped /-V curve using three-port-mixing

theory.

Compared to the noise performance of the mixers (e.g. MC-mixer) with the previous design
described in section 4.3, the noise temperature of ME-mixer would significantly be improved. This
suggests the better designs of the feed impedance having almost real part and the suitable filter to

avoid the signal leakage and the occurrence of higher mode.

Table 4-1 Loss break-down for two mixers with microstrip configurations using the epitaxial and a

Poly-crystal NbTiN films at 4 K (see section 5.5).

Epitaxial NbTiN Poly-crystal NbTiN
Calculated | Measured | Calculated | Measured
Frequency [THz] 0.83 0.88
Current density [kA/cmz] 6.5 8
Vacuum window [dB] -0.28 -0.32
Beam splitter [dB] -0.55 -0.62
Excess loss [dB] -1.0 -1.3
Waveguide [dB] 0.0 -0.2
Tuning circuit [dB] -1.7 7 -1.4 0
Conversion gain [dB] -4.7 -3.6
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In addition, the loss in the superconducting microstrip line with the epitaxial NbTiN film on
MgO substrate is estimated and compared to poly-crystal NbTiN film on fused quartz substrate
discussed in later section 5.5. By fitting a theoretical /-V curve to the measured one with RF-voltage
match method on the basis of ref. [12], mixer gain was estimated as a function of bias voltage (see
Fig. 4-12). As listed in the Table 4-I, the higher loss of the calculated tuning circuit loss for the
epitaxial NbTiN-based mixer is due to lower current density. Although there is unknown excess loss,
it may be attributed to losses of the optical components. Even though the loss is included in their
tuning circuit, both epitaxial and poly-crystal NbTiN-based microstrip are very low loss. If the
excess loss difference of 0.3 dB is significant, it would depend only on NbTiN film characteristics,
and the epitaxial NbTiN-based microstrip would have the same or lower loss compared to the
poly-crystal NbTiN-based microstrip. If we can control the MgO thickness accurately or find a
design solution to overcome high dielectric constant, the mixer with epitaxial NbTiN or NbN would
be a promising device for frequencies up to 1.2 THz or 1.4 THz. For example, coplanar waveguide,
which does not depends on the thickness, would one of the candidates as the transmission line

configuration.

4.6 Conclusion

We have designed, fabricated, and tested SIS mixers with Nb/AlO,/NDb junctions employing epitaxial
NbTIN film on an MgO substrate in the frequency band approaching 1 THz. A full-height waveguide,
hammer-type choke filter, and zero-depth backshort were adopted for the design. The device based
on NbTiN showed a receiver noise temperature of 171 K at 0.83 THz. On the other hand, a detailed
analysis of mixers on the basis of numerical simulations was consistent with the experiment results,
and it revealed a possibility of further improvement in the mixer performance. This indicates that
SIS mixers having such structures are promising devices for use in the terahertz band, if we can

control the MgO thickness accurately or find a design solution to overcome high dielectric constant.
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Chapter 5
Demonstration of a low-noise waveguide

NbTiN-based SIS mixer on a quartz substrate

5.1 Motivation and Overview

In order to improve the mixer performance, it is important not only to establish the low-loss
microstrip lines but also to investigate the mixer noise properties of the Nb junctions above its gap
frequency where the mixer gain is significantly degraded. For the achievement of both low noise and
wideband operation in this frequency range, development of mixers with a higher current density (J.)
SIS junction has been pointed out or suggested to be important in many papers [1]-[4]. In this case,
J, more than 20 kA/cm’ might be needed to cover the RF frequency range of the ALMA Band 10.
This is because the high J, junctions have advantages of higher intrinsic mixer conversion gain,
reduction of RF loss in the tuning circuits, and wider bandwidth due to the low wRNC Product.
Where o is angular frequency and, Ry and C are the normal resistance and capacitance of an SIS
junction, respectively. Thus, if the conversion gain and the junctions coupling dominantly influence
the receiver noise temperature, realization of the higher J. junctions as possible would be the best
way to improve the bandwidth.

However, such high J, junctions might be unsuitable for the ALMA band 10 SIS mixers which
requires mass production, because selecting high J, junctions have to compromise the yield and the

quality factor corresponding to Rs/Rn. In general, Rq/Ry of SIS junctions degrades with increasing
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Fig. 5-1 Relation between the Ryx/Ry factor and the junction current density J.. The SIS junctions
are fabricated in our laboratory. Of them, the symbols are data of Nb/AI-AIOx/Nb and
Nb/Al-AINx/Nb barrier SIS junctions selected at random.
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Fig. 5-2 Receiver Noise temperature calculated for a Nb junction at 1 THz with an Al tuning

structure shown in ref. [5]. The dashed line is calculated ignoring Multiple Andreev Reflection

Je (see Fig. 5-1). In addition, P. Dieleman and T. M. Klapwijk [5] say that noise temperature
increases due to shot noise enhanced by Multiple Andreev Reflection (MAR) with increasing J.
shown in Fig. 5-2. Since the pinhole current is carried in Andreev clusters with charge ¢)) e, the
associated shot noise is significantly enhanced. They report a possibility that the mixer noise can be
more than twice as large as expected from the Tucker theory due to this effect and this causes a 25%
increase in the receiver noise temperature at THz frequencies. These arguments have given us an
impression that realization of low-noise and wideband terahertz SIS mixers might be hopeless.

In contrast, excellent noise performances have been successfully achieved with high-quality Nb
junction and well-established low-loss NbTiN/SiO,/Al tuning circuit [7]-[9], overcoming difficulties
due to frequencies above Nb gap. Except input noise temperature reduction by realization of the
low-loss tuning circuit, it might not have been fully understood the reason why their mixers showed
both low noise and wideband performances simultaneously, because the wideband and low-noise
results are obtained for moderate J, junction around 10 kA/cm” without the benefits of higher J, one.
These mixers adopt very low source impedance compared to one to maximize the coupling. In this
case, their results might be considered as the broad bandwidth could be obtained at the cost of peak
coupling, in other words, receiver performance degradation around the center frequencies. However,
this would not give us an exact aspect in terms of quantitative contributions of mixer gain and mixer
noise temperature for receiver noise temperature, because an optimal impedance to minimize mixer
noise temperature is different from ones to maximize mixer gain or junction coupling [10]. In order
to optimize the receiver operation, the behavior of the mixer gain and mixer noise temperature for
source impedance should be investigated by e.g. source-pull analysis [11]-[13] or measurement,
which is often employed for microwave amplifier design.

In this section, we discuss the mixer performance employing the source impedance dependence
analysis for waveguide SIS mixers with Nb/AlO,/Nb tunnel junctions and NbTiN/SiO,/Al tuning

circuit on quartz substrate. An inverted microstrip line is adopted for the tuning circuit to reduce RF
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losses. Source impedance dependence of the twin junction is theoretically and experimentally
investigated to achieve both low noise and wideband performances. The heterodyne measurement
result of these devices is presented in a frequency range of 0.75—-1.0 THz. The receiver performance
with both wideband and low noise temperatures below 34f/kg and S5hf’kg will be shown at both
operating temperatures of 2 K and 4 K.

5.2 Wideband and low-noise SIS mixer design

5.2.1 Mixer chip design

As well as epitaxial NbTiN-base mixers described in previous chapter, the mixer uses a WR-1.2
full-height waveguide to minimize the transmission loss in waveguide while avoiding high-order
mode excitation and a bow-tie antenna probe on a fused quartz substrate with 0.085 mm wide, 0.04
mm thick and 1.5 mm long. The original design has been analyzed by W. Shan et al. in ref. [14] and
the proposed antenna feed impedance of about 30 Q should offer broadband operation over the band
10 frequency range as shown in Fig. 5-3. The leakage to the IF port is less than 20 dB over the band
10 frequencies.

The design concept is almost the same as that of MgO devices in section 4.2, which takes care
about higher mode suppression and easy and accurate mounting. We optimized a bow-tie shape
probe across the waveguide because of its simple configuration and convenience for DC/IF
grounding. Such a probe has been widely used in reduced-height waveguide for suitably low feed
impedance and wideband performance. Undoubtedly, a small quartz substrate across the waveguide

will result in less perturbation of the electromagnetic field distribution in the vicinity. But for

1.0j

0.96 THz

i
02 05 1p 20
0.78 THz

(a) (b)

Fig. 5-3 Photograph of mixer chip mounted into chip slot (a) and the analyzed feed point impedance
(b). The Smith chart is normalized to 30 Q2.
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convenient device mounting, it is better to have a thick quartz substrate. The chip is set to be enough
wide to allow a design of efficient choke filter, which cuts the transmission of the RF signal to the
mixer’s IF port. In order to minimize fabrication difficulties, we aimed to optimize the probe to
allow a simple flat backshort. In addition, it is particularly beneficial to improve the mounting
accuracy if the upper and lower edges of the bowtie probe can be aligned to the edges of waveguide,
making the waveguide edges serving as mounting reference. With these restrains, the probe was
optimized with extensive EM simulation (HFSS). The goals to be achieved are the same as ones
summarized in section 4.2.

The optimizing process was very empirical. By means of adjusting the choke filter, especially
the first section of high impedance lines and the open angle of the bowtie, satisfactory results were
achieved. It should be noted that the open angle of the bowtie was found to be almost proportional to
the real part of the feed-point impedance. A small angle leads to a low impedance favorable for SIS

coupling. The open angle is 23 degree, a small value that is rarely seen in other designs.

5.2.2 Tuning circuit with the inverted NbTiN/SiO,/Al microstrip line

We adopted a microstrip structure with the ground plane made of Al and the NbTiN strip em-
bedded in the dielectric layer. A scanning electron microscope (SEM) image of the center of the
mixer chip together with a cross sectional view is shown in Fig. 5-4. This inverted microstrip line
has the potential to reduce RF losses in the tuning circuit because the currents in the lossy Al film are
spread over a larger area. On the other hand, in the normal microstrip configuration where Al is used
for the strip conductor [15], RF currents are concentrated in the narrow strip, which results in

increasing the loss. In order to compare the two configurations, we simulated their characteristic

Al Ground Plane

Nb/AIO,/Nb

Transformer

Waveguide
Probes

RRRRRRRRRRE,
\{-\\I\Ground Plane

7

Fused Quartz Substrate

Fig. 5-4 A scanning electron microscope image and cross-sectional sketch of the twin-junction

circuit.



Demonstration of a low-noise waveguide NbTiN-based SIS mixer on a quartz substrate 81

impedance Z, effective dielectric constant &., and RF losses on the basis of analysis method using
the high-frequency structure simulator (HFSS). Parameters used for the simulation are listed in Table
5-1. The surface impedance of the NbTiN film is calculated on the basis of the Mattis-Bardeen theory
[16]. As shown in Fig. 5-5, the result shows that the characteristic impedance of the normal and
inverted microstrip configurations is almost the same while the difference in the effective dielectric
constants, which are related to the wavelength-shortening ratio, is 20 %. In terms of loss, it appears
that there is an improvement of 0.1 dB per wavelength for the inverted configuration which makes it

a better candidate for tuning circuits at frequencies ranging from 0.7 to 1.2 THz.

Table 5-1 Parameters used in the calculation for the inverted and normal microstrip characteristics.

Their microstrip structures are described in Fig. 5-4 and in ref. [15]

NbTiN gap frequency: 1.2 THz
NbTIN critical transition temperature: 145K
NbTiN film thickness: 270 nm
NbTiN normal state conductivity at 20 K: 1.0 x 10° Q 'm™!
SiO, thickness: 300 nm
SiO, dielectric constant: 4.4

Al film thickness: 500 nm

Al conductivity at 4.2 K: 40x10°Q 7 'm™!

Ground plane

2
“ NbTIN
== Fused Quartz

Loss [dB/wavelength]

0.9 1 1.1
Frequency [THz]

Fig. 5-5 Cross-sectional view of two microstrip configurations. Also shown is comparison of
transmission characteristics between normal and inverted microstripline with a 4.5 pm width. Open

and filled symbol indicate normal and inverted ones, respectively.
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5.2.3 Optimum noise match design based on RF embedding analysis

In our design of the tuning circuit, we adopted Nb/AlO,/NDb SIS junctions with the size of 1 um
in diameter and a moderate current density of 10 kA/cm?, for which we can expect high-quality /-V
characteristics [15]. The specific capacitance of the junctions is assumed to be 85 fF/um’ and the
tuner length between the junctions was chosen to resonate out their capacitances at 0.87 THz. The
twin-junction and the feed point of the antenna is jointed by a quarter-wave impedance transformer,
which takes the role of transforming the feed impedance of 30  into an appropriate source
impedance seen by the twin-junction. With the aim to achieve both low noise and wideband
performances, we use three-port-mixing model to analyze the twin-junction circuit. In general,
minimum mixer noise temperature 7., and maximum mixer conversion gain Gy, can not be
realized simultaneously. This is because for either of the two cases, the optimal source impedances
Zs seen by the twin-junction, defined as Zpyn, and Zgmax, have different values. Noise and gain
performances of the twin-junction circuit are simulated by sweeping the source impedance Zs on a

reflection coefficient plane at the LO frequencies from 0.78 to 0.96 THz. Fig. 5-6 (a) and (b) show

2 08Ry
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© 0.3Ry
O Zrvin@o.87THz

y
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- 0.3Ry 72Tmm@087THZ
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Mixer gain [dB]
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Mixer Noise [K]
Receiver Noise [K]
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Fig. 5-6 Contours of RF source impedance dependence for (a) mixer noise temperature and (b) mixer
gain of twin-junction with critical current density J, of 10 kA/cm® at LO frequency of 0.87 THz. (c) LO
frequency dependence of Zog and Zgy over 0.78-0.96 THz. These smith charts are normalized to the
normal resistance Ry of twin-junction. LO Frequency dependence of (d) mixer gain, (e) mixer noise
temperature and (f) receiver noise temperature for different source impedances of 0.8Ry, 0.5Ry, 0.3Ry,
Zrmin@o.87THz- Receiver noise temperature is determined from calculation results of (d) and (e) assuming IF

noise temperature of 10 K.
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contours of RF source impedance dependence for mixer noise temperature and mixer gain of
twin-junction with critical current density J; of 10 kA/em® at LO frequency of 0.87 THz. (c) shows
the LO frequency dependence of Zpyi, and Zgpax over 0.78-0.96 THz. Also shown in (d), (¢) and (f)
are LO frequency dependence of mixer gain, mixer noise temperature and receiver noise tempera-
ture when Zs is set to 0.8 RN (~Zgmax@0.877Hz)> 0.5RN, 0.3RN, and Zrmin@o 8711z Here, Zomax@o.s71H, and
Zrmin@0.87THz Tepresent Zgmax and Zrmi, at the center of the RF band. For the calculation of the
receiver noise temperature the IF load impedance was set to 50 Q and the IF noise temperature to 10
K at 8 GHz. From Fig. 5-6 (e) we conclude that the value of Zg should be close to 0.5Ry, because it
offers the lowest receiver noise temperature and the widest RF band. While for a source impedance
of Zs = 0.5Ry the conversion gain is smaller when compared to the case of perfect gain matching (Zs
= 0.8Ry), the receiver noise temperature is kept low.

If the feed point impedance is fixed for each mixer chip, it is possible to be transformed by
changing a width of the quarter-wavelength transformer. In order to verify the source impedance
dependence as above-described, we designed three mixers with transformer widths of 2.5, 3.5, and
4.5 pm to compare the performances, which are named as QB-, QC-, and QD-mixers. Real part of
Zs for QB-, QC-, and QD-mixers approximately correspond to 14.5 (>Ry), 8.9 (0.67Ry), and 5.9 Q
(0.44Ry) at a LO frequency of 0.87 THz, respectively, as shown in Fig. 5-7 (a). The parameters

designed for their mixers are summarized in Table 5-II. We calculated the noise temperature for

(b)

400

<
0.96 THz 300
Zfeed % g;_
28 50 £200
0.78 THz i
2100

0.75 0.8 0.85 0.9 0.95 1 1.05
-1.0j LO Frequency [THZ]

Fig. 5-7 (a) Feed impedance Zg.q and three source impedances Zs transformed by quar-

ter-wavelength microstrip line with widths of 2.5, 3.5, and 4.5 pm in a range of 0.75-1.0 THz. The

arrows indicate a direction of frequency increase. (b) Receiver noise temperature for mixers with

different impedance transformer width as a function of frequency. It is assumed that the IF load impedance

and noise temperature at 8 GHz is 50 Q and 10 K, respectively. Note that input losses in front of the mixer

are not included.
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three mixers with the different transformer widths as a function of LO frequency as shown in Fig.
5-7 (b). Not surprisingly, the D-mixer with source impedances close to 0.5Ry obtains the widest
bandwidth and minimum noise temperature. In addition, it appears that the source impedances
transformed by the quarter-wavelength transmission lines make bandwidth wider when compared to
the single source impedance of 0.5Ry, because they draw the impedance locus along the same

frequency-increase direction as that of Zgy on the smith chart.

Table 5-11 Designed and measured parameters for three mixers. The designs of QB-, QC-, and
QD-mixers have only different transformer widths of 2.5 um, 3.5 um, and 4.5 pum, respectively. The

parameters for the mixers are measured at 4 K.

Design
Device # QB QC QD
Tuner Length (pum) 5.5
Transformer Width (um) 2.5 3.5 4.5
Zs (Q) 14.5 8.9 5.9
Junction Size (pmeo) 1.0
Measurement
Jo (KA/em ) 8
R (©) 146 150 148
R ./R, 21 17 24
Resonance step (mV) 1.80 1.78 1.80

0.02
300

= =3

<

=200 £

‘g 0.01 ‘g

> 3
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100 - -

0 0

Bias Voltage [mV]

Fig. 5-8 Unpumped current- and IF output power-bias voltage curves for three mixers that have

different transformer widths.
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5.3 Mixer performance

5.3.1 Source impedance dependence

Fig. 5-8 shows three current-voltage and IF output power-voltage curves obtained for QB-, QC-,
and QD-mixers. The parameters measured for their mixers are also summarized in Table 5-II. Their
Nb junctions with a current density of 8 kA/cm?, which is slightly lower than the designed value,
showed approximately same characteristics and good /-V curves yielding a subgap-to-normal-state
resistance ratio of around 20. We observed the resonance steps, which appear as a result of the
ac-Josephson effect on the voltage axis, at the range of 1.78—1.80 mV for these mixers. This voltage
corresponds to the resonance frequency of 0.87 THz. Fig. 5-9 (a) and (b) show the measured DSB
receiver noise temperature and the conversion gain for three mixers, which are calculated on the
basis of the Callen&Wellton formula [17] and by ref. [18]. They are corrected for losses in a
12.5-um-thick polyimide beam splitter and vacuum window. The sharp decreases around LO
frequencies of 0.76 THz and 0.98 THz are caused by water absorption. Fig. 5-9 (c) shows the
contribution of mixer noise temperature subtracted that of IF noise temperature calculated from the
mixer gain and an IF system noise temperature of 11.4 K. The IF system noise temperature is based

on the total noise temperature of 9.4 K and the thermal noise of 2 K reflected at the mixer after being
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Fig. 5-9 Measured (a) DSB receiver noise temperature, (b) conversion gain, (c) and mixer noise
contribution for the three mixers as a function of LO frequency. The receiver noise temperature and
the conversion gain are calculated on the basis of the Callen& Wellton formula'” and by ref. [16], and
are corrected for the losses of vacuum window and beam splitter of 12.5-um-thick polyimide film.
Mixer noise contribution is calculated from the measured receiver noise, conversion gain and IF
system noise temperature of 11.4 K. Note that the mixer noise contribution includes tuning circuit

loss.
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generated from the terminated port of isolator. The former is the noise temperature including the
equivalent input noise temperature of the cryogenic isolator and the amplifier averaged over 4—12
GHz, which is measured by using cold attenuator (CAT) [18]. The latter assumes that the power
reflection coefficients at the mixer and isolator termination temperature are 0.25 and 8 K, respec-
tively. The analysis of the IF noise contribution will be presented in chapter 6.

From Fig. 5-9 (a), we observed approximately the same receiver noise temperature around LO
frequency of 0.88 THz and wider bandwidth for QD-, QC-, and QB-mixers. By contrast, it is not
entirely true in terms of their conversion gains; the conversion gain of QD-mixer is relatively lower
than that of the QC-mixer around the center frequency, as shown in Fig. 5-9 (b). According to Fig.
5-9 (c), the QD-mixer obtains the minimum contribution of the noise temperature and the widest
bandwidth. In addition, the mixer has a wider bandwidth in terms of the conversion gain when
compared to the QC-mixer.

Since their mixers would have approximately the same parameters in terms of dc /-V characte-
ristics (Ry, leakage current, pumped current), RF resonance circuit, and material property, the
contributions of their mixer noises should depend only on the differences of source impedance.
Therefore, it can be concluded that the Zg of QD- and QC-mixers are the closest to Roy and Rog,
respectively. On the other hand, Zs of QB-mixer is far from both the parameters. Their experimental
results are quantitatively in good agreement with theoretically calculated ones. In addition, the
experimental results suggest that, in order to operate the receiver in wide bandwidth and low noise
simultaneously, Zs should be matched with Roy for the resonance circuit.

We also evaluated the QD-mixer chip in more detail by optimizing the bias condition, mixer
block, and IF system so as to minimize noise temperature, changing the mixer block into another one.

Here the mixer is named as QD-II mixer. This is because we found that the noise temperature

400 0.07
C%orrected 295 K LO:0.88 THz
R Load IF:4-12GHz | ¢ o6
g 300 ¢ 0.05
E =
o
% 0.04 E
~ 200 3
< 0.03 3
- [T
& 002~
3 100
~ Wwith LO 0.01
0 “"m 0

Bias Voltage [mV]

Fig. 5-10 Measured current, IF output power, and corrected noise temperature for the QD-II mixer

at4 K at LO 0.88 THz as a function of bias voltage.
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Fig. 5-11 Measured noise temperature as a function of frequency. Note that the mixer noise

contribution includes tuning circuit loss.

increase at LO 0.92 THz results from mixer block. Fig. 5-10 presents the measured current, IF output
power and corrected receiver noise temperature of the mixer at LO 0.88 THz as a function of bias
voltage. The best noise temperature of the mixer showed 156 K. The uncorrected and corrected
receiver noise temperatures are plotted in Fig. 5-11 as a function of the LO frequency. The corrected
noise temperature of the mixer shows below 200 K (DSB) over the range of 0.79-0.93 THz. This
would be the best result arrived so far for mixers over this frequency range at a bath temperature of 4
K. Also shown is break-down of the noise temperature as a function of frequency, which is separated
into contributions of the mixer noise and IF noise. It is found that the contribution of mixer noise
temperature account for 70-80 % of the receiver noise temperature and is also limiting the opera-
tional bandwidth of the receiver. Therefore, in order to obtain the wider receiver bandwidth keeping
such a state-of-the-arts sensitivity, intrinsic noise property of the SIS mixer is very important as well
as tuning circuit loss, rather than higher J. junction. This could be obtained not only due to perfect
matching to the optimal impedance for minimum mixer noise temperature but also due to high

Rsa/Rn by improving the junction quality.

5.3.2 Optimal bias point for the receiver noise and the mixer gain

As above mentioned, we showed it was important to match the source impedance to noise opti-
mum impedance. Likewise, SIS junctions should be biased at the noise optimum point. Fig. 5-12 (a)
and (b) show contours of mixer gain and noise temperature for different pumped current as a

function of bias voltage at LO frequency of 0.88 THz. While the optimum bias voltage for the
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Fig. 5-12  Contours of mixer gain (a) and noise temperature (b) for different pumped current as a

function of bias voltage at LO 0.88 THz.

receiver noise temperature almost coincides with the one for the mixer gain, the pumped current for
the receiver noise is lower. Although a measure of the LO power has to be applied to obtain higher
mixer gain, the current induced by the LO signal increase shot noise in such the situation. This effect

is very similar to bias dependence of low-noise amplifiers.

5.4 Fourier transform spectrometer measurement

5.4.1 Fourier transform spectrometer

Fourier transform spectrometer (FTS) is a standard technique for broadband low-resolution
spectroscopy in the near-infrared and has recently been used in the submillimeter-wave part of the
spectrum [20]-[22]. A coupling measurement with the FTS permits a direct comparison with an
analytical calculation of an SIS tuning circuit using 7-matrix. Since the measurement does not
include an information of IF circuits for the mixer, it would be good method to model the RF tuning
circuit parameters [23]

An FTS is a Michelson interferometer in which a signal is split and then recombined after hav-
ing passed trough optical paths of different lengths. The path lengths of the beams are varied and the
power of recombined beam is recorded. The interferogram of a broadband source appears as a
narrow spike whose peak occurs when the arm lengths are equal: when the arms have equal lengths,
or are in the “’zero-phase” position, all the Fourier components add up constructively.

The important specifications of the FTS are its frequency resolution and useful bandwidth. The

former is determined by the maximum path length difference xy.x Which determines the maximum
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Fig. 5-13  Photograph of a Fourier Transform Spectrometer (FTS) system

time-delay #,,,= Xma/c. In the frequency domain a longer span for the time-delay means a narrower
convolving function, whose width is ¢f = 1/¢,,. The useful bandwidth is determined by the
sensitivity of the detector and the frequency dependence of the optical system. In other words, if the
SIS receiver is operated in the direct detection mode and used as the detector, the receiver’s

frequency response can be characterized easily.

5.4.2 FTS measurement

We performed high frequency tests measured with a FTS system (JASCO FARIS-1) over the
range of 100 to 1000 GHz (see Fig. 5-13). The best resolution is 0.25 cm™, which means a minimum
data-point interval of 0.125 cm™ and 3.75 GHz. Note that all results measured with the FTS are
convolved with the resolution of the spectrometer. The signal from broadband Hg-arc lamp is
detected as an increase in current in the SIS tunnel junction biased at 2 mV. The solid line in Fig.
5-16 has been derived from the measured data by dividing by the measured vacuum window
efficiency and the calculated responsivity of the SIS junction in direct detection mode. We now
calculate the responsivity of the SIS direct detector [24].

The dc tunneling current is given by Tien and Gordon [25] to be
Ine (Vo Vio) = iJ,f(a)xldc(Vo +nhf/e), 5-1

where a presents the photon energy normalized pump level
ev,

) 5-2
haw

[

with 4 (V) the current of the unpumped SIS junction at bias voltage V,, and V,, the applied RF
voltage amplitude at frequency w. For a direct detector the incoming signal is small (a ~ 0) so that

only single photon processes are relevant and eq. 5-1 reduces to the direct current increase as given
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in [6]

ar = Vio LUy +nhar/€) =204 (V) + 1o (Vo — o/ e)
P g (nhaw/e)> '

5-3

The RF impedance Zgg, of the tunnel junction can be calculated from the dissipative currents given

by Tucker and Feldman [6] and the applied RF voltage V.

-1
Zee Vo V) = Vw[ D T @ (@) + T, (@)1 (Vy + nhw/e)} , 5-4

n=—w

which reduces to

B 2hw/e
1,.(Vy +howle)—1,,(Vy—hole)

Zar 55

Equations 5-4 and 5-5 are valid if the SIS junction capacitance terminates all harmonic frequencies,
which is not entirely satisfied in our case. However, the effects of this are small enough for the more

qualitative analysis we are interested in. The responsivity ‘R is the ratio of the current increase to the

power absorbed by the junction
R= AIDC
PRF
e 1 (Vy+hwle)=21,, (V) + 143V, —hw!e)

- 5-6
ho 1. (Vy+hole)—1,,(V, —hw/e)

_°
ha)n
where 77 represents the quantum efficiency of the direct detector. Fig. 5-14 shows the calculated

responsibility of the SIS direct detector as a function of frequency at bias voltages of 1.5, 2.0, 2.5
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Fig. 5-14 Calculated responsivity of the QD-II SIS junction in direct detection mode. The initial
drop off is due to the low dc bias voltage since the photon energy is then too small for photon assisted

tunneling.
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Fig. 5-15 Comparison of calculated coupling (Solid line) and measured (Open circle) by Fourier
Transform Spectrometer at 4 K. Measured receiver response is corrected for frequency dependence of

the Teflon vacuum window and responsivity of the SIS junctions.

mV. The frequency response of a quantum limited detector above the cut-off frequency is simply /'
up to the gap frequency.

Corrected for the vacuum window efficiency and the responsivity of the SIS junction, the meas-
ured data is shown in Fig. 5-15. The direct detection response measured with the FTS is a combina-
tion of the coupling efficiency of the receiver optics to the FTS, the frequency response of the
matching circuit and the detector, and the vacuum window. Remaining frequency characteristic
would depend strongly on matching circuit of the mixer including twin-junction, impedance
transformer and waveguide probe. Also shown is the coupling efficiency from the feed point to the
junctions to be fitted with measured response. It is calculated using actual parameters, including
microstrip characteristic impedance, the junction current density and parameters of Al, SiO, and
NbTIN in 5.2.2, and specific capacitance as fitting parameter. The measured response is in good

agreement with calculated coupling efficiency.
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Fig. 5-16 Bandwidth comparison between the measured heterodyne conversion gain and coupling

efficiency by FTS. Dashed line is traced to determine 3-dB bandwidth of them.
5.5 Mixer performance analysis

5.5.1 Bandwidth limitation

Fig. 5-16 shows a comparison of bandwidth between heterodyne DSB mixer conversion gain
and Fourier Transform Spectrometer (FTS) coupling of the QD-mixer. A 3 dB bandwidth for the
FTS responsivity (240 GHz) is significantly 30 GHz wider than one for the conversion gain (210
GHz). Besides, this should be attributed to uniform junction coupling efficiency to frequencies when
the junctions detect directly signals. Likewise, this result might also imply that optimal impedances
for the direct signal responsivity are larger than ones for mixer conversion gain, whereas they

depends on the bias condition.

5.5.2 Estimation of noise parameters for the twin-junction circuit at LO 0.88 THz

In previous section, it was found that the level of the source impedance determined the mixer
noise temperature. The results might give us an information of source impedance dependence of
noise temperature how degree the source impedance is separated from noise optimal impedance at a
LO frequency. In this section, noise parameters of the twin-junction circuit at LO 0.88 THz are
estimated. While the noise parameters are usually used to design microwave amplifiers, the concept
is firstly applied for SIS mixers by L. R. D’Addario [13].

In order to estimate them, a useful set of noise parameters is (7w, Re, Yopt) such that

290R,

2
T =Ty +——t
MIN GS

) 5-7

Yo—Y.

opt

where T is the noise temperature of the device and Yg is input source admittance. Tyn is the
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minimum noise temperature, Yoy is the source admittance that achieves this minimum and R., is
noise equivalent resistance implying a measure of the noise sensitivity. Although a DSB mixer is
3-port device, here the mixer is treated as a two-port linear device.

If we can obtain the four quantities of Y5 and 7, it is possible to solve the equation. The cor-
rected noise temperature used for the calculation are those of QB, QC, QD-I and QD-II shown in
section 5.3 which are measured at the same bias condition. Y5 for each mixer is deduced from
pumped /-V curve on the basis of ref. [26] with the SIS mixer analyzer (SISMA) programmed by W.
Shan. Note that the deduced source impedance includes uncertainty because a slope of first photon
step weakly depends on the source impedance. For more accurate estimation, much more measure-
ment would be needed. The twin-junction circuit parameters obtained by fitting to FTS measurement
result are used for the calculation.

In Fig. 5-17, the obtained noise parameters, the deduced source impedances and pumped /-V
curves for the four mixers are summarized, and also the constant noise circles are plotted every noise
temperature of 5 K from 165 K to 190 K. According to the analysis, the obtained Yo, = 1/(5.1+5.2j)
involves significant inductive part. This is attributed to slightly larger junction size than the designed.
Consequently, the lowest noise temperature for QD-II mixer is likely to be achieved by the low real
and proper inductive parts of the source impedance. In this frequency range, since the contribution of

the mixer noise temperature accounts for 70-80 % as broken down in section 5.3, the distribution of

Z, =5.145.2) Q
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R, =1.040Q
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Zg 05=12.5+4] Q
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Fig. 5-17 Calculated noise parameters and noise constant circle plotted every noise temperature of 5
K from 165 K to 190 K. Also shown are a relation between source impedance and noise temperature
on the Smith chart which is normalized to 14.8 Ohm. The source impedances are deduced from the
pumped /-V curves on the basis of ref. [26] with the SIS mixer analyzer (SISMA) programmed by W.
Shan.
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Yo for the receiver noise temperature on the Smith chart should be almost the same as or very
similar to that for the mixer noise temperature. Besides, if the frequency dependence of Y is
allowed to represent by R and C for the single junction so that the impedance locus passes through
Yopi@o.s8TH, as also shown in Fig. 5-17, they can be are obtained to be 18.2 Q (0.6Ry) and 0.086 pF
(1.1Cy), respectively. R and C defined here indicate not actual junction impedance but expedient
impedance to characterize the frequency dependence of noise optimal impedance. This impedance is
away form junction impedance in the frequency range. Therefore, in order to achieve low receiver
noise temperature, the source impedance has to be matched to noise optimal source impedance.
Another important parameter of the noise parameters is R, which determines an interval for
each constant noise circle on the smith chart. In this case, lower R, makes it possible to spread the
region of the constant noise temperature circle, and makes the bandwidth wider. This is because the
spreading noise constant circle at the band edge approaches the source impedance which is usually
away from Yopr. In above analysis, R, might not be so low: when the source impedance is set to Ry,
noise temperature increase about 50 K compared to the condition setting to Yopr. The best way to
improve R. is to accomplish a low-loss tuning circuit. For example, R, would be improved by
increasing J. due to the reduction of losses in the microstrip In addition, higher J. makes a wRC
product lower. Thus, the two effects may make the RF bandwidth of receiver noise temperature
much wider. On the other hand, such a high current density junction has the potential which
increases intrinsic mixer noise temperature. Therefore, benefits and disadvantages, that is, trade-off

for the high current density junctions should be verified enough by experimental comparison.

Vacuum pump

Fig. 5-18 Measurement system at an operating temperature of 2 K using a liquid helium cryostat.
LO and RF signals are combined by an 8.5-um-thick polyimide beam splitter, radiation then enters
the cryostat through a 500-um-thick Teflon vacuum window and a porous Teflon sheet as an infrared

filter.
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5.6 Performance at an operating temperature of 2 K

The receiver noise performance has been measured at an operating temperature of 2 K using a
liquid helium cryostat where the low temperature is reached by pumping on the helium bath as
shown in Fig. 5-18. LO and RF signals are combined by an 8.5-um-thick polyimide beam splitter,
radiation then enters the cryostat through a 500-pum-thick Teflon vacuum window and a porous
Teflon sheet as an infrared filter. The IF signal is passed through a cryogenic isolator and amplified
by the HEMT amplifier over the range of 4—12 GHz. The Nb junctions of the QD-II mixer showed
good /-V characteristics yielding a subgap-to-normal-state resistance ratio (Rs/Rx) of 37. Fig. 5-19
presents the measured current-voltage characteristics of the mixer with and without LO at 0.88 THz.
Also shown is the IF responses to hot and cold loads as a function of bias voltage. The maximum
Y-factor was 2.84 dB, corresponding to an uncorrected receiver noise temperature of 156 K. The
frequency dependence of the noise temperature is shown in Fig. 5-20. Corrected for losses in the
vacuum window and beam splitter, DSB noise temperatures are below 150 K over the range of
0.796-0.932 THz with the minimum being 112 K at 0.886 THz.

We estimated losses in the tuning circuit based on experimental data obtained from Y-factor
measurements at an LO frequency of 0.88 THz. Following a method described in ref. [26], the
conversion gain was determined to be -6.1 dB. This value still includes receiver input losses of 0.2
dB due to the vacuum window, 0.3 dB in the beam splitter and 0.2 dB in the 5-mm-length waveguide
resulting in a corrected conversion gain of —5.4 dB. Calculations based on the three-port-mixing

theory suggest a mixer conversion gain of —4.8 dB where the contribution from the tuning circuit is

0.3 0.12
L0:0.88 THz :
F: 4-12 GHz 1
4 041
0.2 1 008 €
< 295 K ] )
E Load : e}
= 1006 &
@ ] 5
g r ] 9
301 | 77K 1004 3
H Load ] L
L Unpumped ====-__1 0.02
N\ RV _ ]
0 +=Pumped V] «—unpumped 1V . 0
0 1 2 3 4 5

Bias Voltage [mV]

Fig. 5-19 Measured current—voltage and IF output—voltage characteristics of the unpumped mixer at

2K. Also shown are their pumped characteristics at LO 0.88 THz.
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Fig. 5-20 Uncorrected and corrected DSB receiver noise temperature at 2 K. A vacuum window of

500-pum Teflon and beam splitter of 8.5-pm polyimide film were used for the measurement.

—1.4 dB. In this calculation, the source impedance Zgs was deduced by fitting the measured pumped
I-V curve [26]. The difference of 0.6 dB between measured and calculated mixer conversion may be
attributed to additional losses in the receiver optics such as the mirrors, diagonal horn, and water
vapor. Therefore, the actual losses in the tuning circuit are likely close to the calculated value [16]. It
must be noted that the low-noise operation of the receiver is obtained not only because of the low
loss tuning circuit but other factors as well, namely the good reduction of mixer input noise due to

the small leakage current.

5.7 Conclusion

We demonstrate a low noise SIS mixer with a low-loss NbTiN/SiO,/Al microstrip line and
Nb/AlO,/Nb junctions. As a design method for low noise and wideband SIS mixers in this frequency,
we suggested the one by sweeping RF source impedance. Three mixer chips with different imped-
ance transformer widths were tested to see the source impedance dependence on the receiver
performance. Their experimental results were quantitatively in excellent agreement with theoretical-

ly calculated ones. The detailed analysis revealed that the intrinsic noise properties of the SIS mixer
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are very important, in order to obtain both the wider bandwidth and state-of-the-arts sensitivity.
Finally, the corrected receiver noise temperatures showed below 200 K (DSB) over the range of
0.79—0.93 THz at the bath temperature of 4 K. The best noise temperature of 156 K at the LO
frequency of 0.88 THz at 4 K is achieved. In addition, corrected for optical input losses in front of
the mixer, DSB noise temperature is below 120 K (< 3Af/kg) around LO frequency of 0.88 THz and
at the operating temperature of 2 K. The results represent state-of-the-art performance for mixers in
the terahertz frequency range. In addition, it would be also worth to have achieved the wide
bandwidth using the moderate junction current density of 8 kA/cm® significantly lower than ones

pointed out so far.
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Chapter 6
Consideration of 4—-12 GHz optimum IF circuits

for the band 10 mixers

6.1 Motivation and Overview

For low noise heterodyne receivers, a first stage of an IF system is one of the important parts as
well as SIS mixers. Especially, in this frequency range, the IF noise temperature contributes for
about 20-30 % of the receiver noise temperature. Therefore, the first IF of the heterodyne receiver is
usually cooled down to cryogenic temperature.

An interesting part of this study is consideration of impedance matching between the SIS mixer
and the low noise amplifier. SIS mixers with the high dynamic resistance or negative resistance can
make it possible to obtain the intrinsic high mixer gain. However, this makes impedance matching to
50 Q network difficult and may result in occurrence of the ripple structure for IF characteristics due
to standing wave or oscillation due to degradation of the stability factor. An integration of SIS mixer
with the amplifier taking into account the impedance matching may be good way to improve the
problem not using isolator, as suggested by S.Weinreb [1]. So far, several research institutes have
tried to develop the integrated SIS mixer to improve the IF characteristics [2]-[11]. At present, SIS
receiver with the extremely wider bandwidth such as 6-18 GHz is being developed [12][13].
However it does not seem to be necessarily that the achievable IF performance for the ALMA
specification is obtained.

We used two cryogenic low noise amplifiers (CLNAs) and isolators, to amplify IF signal be-
tween 4-12 GHz from the two DSB mixers for the band 10 cartridge. Utilization of the isolators is to
endure such multiple reflection and oscillation. In this chapter, we describes design, test and analysis
of the low noise first stage of IF system using a state-of-the-art ultra low noise amplifier and
low-loss isolator. In addition, improvements of frequency dependence of the receiver noise
temperature and output power by detailed system consideration including the SIS mixer will be

described.

6.2 Characterization of the IF components

6.2.1 4-12 GHz IF component used for the band 10 receivers
Cryogenic amplifier

To meet the ALMA specifications noise temperature below 230 K and IF flatness within 4.0 dB
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per any 2 GHz, and 6.0 dB per any 8 GHz, state-of-art cryogenic amplifiers with ultra-low-noise and
wideband performance are required. It is also important that their DC power consumption is enough
low to meet the ICD between the cartridge and the cryostat. An MMIC-based InP HEMT amplifier
developed by the group at California Institute of Technology led by S. Weinreb seems to be the best
candidate for use in the band 10 cartridge [14]. Photographs of the amplifier are shown in Fig. 6-1.
The characteristics are shown in later section.
Cryogenic Isolator

Commercially available 4-12-GHz cryogenic isolators by Quinstar technology Inc. will be in-
serted between the mixers and the CLNAs to ensure the matching between them (see Fig. 6-2). A

bias-T is incorporated in the isolator (using an SMA connector on the RF load port to inject the

A
v
A
v

40 mm 2 mm

Fig. 6-1 Photographs of a cryogenic ultra-low-noise amplifier made by Caltech.
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Fig. 6-2 Photograph of 4-12 GHz cryogenic isolator by Quinstar technology Inc. (left) and typical

isolator characteristic at a temperature of 5 K. This result was measured by Y. Fujii.
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mixer’s DC bias). We have measured the performance of a sample device and Fig. 6-2 shows a

typical S-parameter of the isolator measured at a temperature of 5 K.

6.2.2 Noise temperature measurement using cryogenic attenuator
To characterize the components, the cryogenic measurements were performed at an operating
temperature of 4 K using a cold attenuator (CAT) system [15] in Fig. 6-3. The equivalent noise

temperature of the DUT in the system can be expressed as

(L3 _1)T3L1L2 T, L1L2L3

rec

T..—(L,—DT,—(L, -D)T,L, -
sys 1 1 2 21
T, = G G 6-1
L\L,

where Ty is the total equivalent noise temperature of the system, G is the gain of the DUT, L—L3
are losses associated with input cable, attenuator, and output cable at physical temperatures of 71—73,
respectively, and T is the equivalent noise temperature of the noise figure analyzer.

The noise source and instrument used for the measurement is Agilent N4002A 14-dB excess
noise ratio (ENR) and Agilent N8975A NF Analyzer, respectively. The input and output cables used
cupronickel coaxial cables. L;—L; were measured with vector network analyzer. The measurement of
T, used Lakeshore 218 Temperature Monitor with a calibrated DT-470 diode sensor fixed on an
attenuator holder located on 4-K stage. 77 and T3 are estimated to be 55 K from temperature gradient
between 300 K and 4 K. The amplifier was connected between the commercial 20 dB attenuator
cooled at 4 K and output cable. The typical uncertainty of RSS in the measurement method is within
1.2 K [16]-[20].

The noise temperature data shown in Fig. 6-4 (a) to the amplifiers showed the outstanding per-
formance of 3-6 Kelvin for 4-12 GHz frequency range. Fig. 6-4 (b) shows measured gain with

different bias conditions. We found that the optimum operation would be achieved at the condition of

Noise Source Input :/ Attenuator DUT \l Output —
Cable| | . |Cable Noise Figure
i T, i O Analyzer
Thot Teord Toys | L @ Ty | G Ls @ Ts Treo
| L.@T: |
— N 15 K Stage

\ Cryostay

Fig. 6-3 Schematic diagram of cold attenuator (CAT) system
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drain voltage (VD) of 1 V and drain current (ID) of 14 mA in the low power consumption regime. In
spite of the low power consumption of 14 mW (possible to use on 4 K stage), the gain is between
35.1 and 36.9 dB throughout the measured frequency range.

In addition, we evaluated the IF system characteristic connecting the amplifier with an isolator
to see more realistic IF performance. The result showed a little degradation of gain and noise
temperature within 10 K at the condition of VD=1 V and ID=14 mA, but still good characteristics
(see Fig. 6-5).
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Fig. 6-4 Measured result of a typical 4-12 GHz low noise amplifier for different bias condition.
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Fig. 6-5 Measured result of a typical IF characteristic for connecting the amplifier with the isolator.
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6.3 IF circuits for band 10 SIS mixers

6.3.1 Design of two IF circuits

An IF circuit part of our mixer block consists of a mixer chip slot, bonding wire, IF substrate
(matching circuit), and SMA connector (Fig. 6-6). The length of IF substrate can be arbitrarily
changed within 9.2 mm. The IF load impedance Y. seen by the SIS junctions, does not equal 50
Q with higher frequency in practical case. So we designed two microstrip circuits so as to make the

bandwidth wider and analyzed the S-parameter of the circuits between the junctions and output of

\ Mixer chip

Indium

Fig. 6-6  Schematic model of two circuit designs, Design A (a) and Design (b) right
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Fig. 6-7 1IF load impedance analyzed with HFSS (a) and receiver noise temperature for different

circuit designs of A, B, and 50 Q as a function of IF frequency (b).
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the SMA connector with HFSS. A lumped port element is placed on the RF feed point close to the
junctions as a source port. Schematic model of two circuit designs and the IF load impedance

analyzed are shown in Fig. 6-6 and Fig. 6-7 (a).

6.3.2 Calculation of the receiver noise temperature

In this section, calculation results for the IF dependence of the receiver performance are presented.
Mixer conversion gain is computed by taking account into the frequency dependence of Y.
calculated in previous section (Fig. 6-6 (a)) into eq. 2-13. The noise 7ir which is generated in IF
amplifier is treated as noise added at its input. However, this is not a valid model and does not
include some more subtle but important phenomena. One such phenomenon is that some of the
isolator’s thermal noise can be radiated from its termination port [21]. If the mixer IF output
reflection coefficient is imperfect, the noise is reflected back toward the isolator, where it combines
with the amplifier noise (In case the mixer and amplifier are directly connected as well, the noise
generated at input port of the amplifier is reflected toward the amplifier. The reflected noise is
correlated with the amplifier noise). In this case, the effective IF input temperature 7,4 by adding

the noise component reflected from the mixer is

2Tis.o + TIF ’ 6-2

T.

effIF — |F

mix

where Tr is the equivalent noise temperature of IF chain, Ti, is the physical temperature of the

isolator, and I« is a reflection coefficient depending on dynamic resistance as shown in Fig. 6-8.
Sml 2 Sm2 lrmix, output
Dix =S22,mp + ) 6-3
’ 1-8S_ 1 Ty
ml 1+ mix,output

where S;; indicates the S parameter of the mixer block and the reflection coefficient I'yix output at the
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Fig. 6-8 Schematic diagram of IF circuit and the noise components
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SIS junction is given by

Y, -Y,
r _ "L mix,out , 6-4

mix,output — *
)¢ L +7, mix,out

where Yiix out 1S Obtained by subtracting the IF load admittance from the total mixer admittance at the

IF frequency:

mix,out — Z_()() - YL . 6-5

This is approximately mixer dynamic conductance, which is simply the slope of the dc /-V curve in
the presence of the LO drive.

We calculated the IF dependence of receiver noise temperature taking the Junction’s parameters
which were assumed to be the same as ones in section 5.2. The result calculated is shown in Fig. 6-7
(b).While the noise temperature for Design A is better over entire 4-12 GHz compared to the others

instead of the narrowest bandwidth, the one for Design B is worse but the widest bandwidth.

6.4 Measurement results and the analysis

The measurement of the receiver noise temperature used two IF circuit and two sets of the IF
chain using one mixer chip. Here, we named the IF sets used for the Design A and B as IF-A and
IF-B.

6.4.1 Shot noise measurement

For an SIS mixer without LO pumping, the SIS junction can be treated as shot noise source. It is
often used for IF chain calibration or break down of receiver noise [22][23]. Besides, an SIS junction
as a noise source is being studied in detail by H. Inoue et al [24]. The merit is that the measurement
can be quickly performed using the same measurement set as heterodyne one. The shot noise power
density is expressed as

T _e

eV,
=—— Ry, Iy cothl —4 | 6-6
shot 2kB dyn® dc ( j

2k BT amb
where e is the charge of a single electron, T,y is the ambient temperature and Ry, is the dynamic
resistance at the bias point of a voltage V4. and a current /4. Then, the IF output power observed at

instrument is given by

2
)+ T |1

mix

2
Brour = GIFkBB(Tshot (- ‘Fmix,output +1 IF) : 6-7

Adopting this method, we conducted Y-factor measurement for the IF noise Tr.s with Agilent

E4445A Spectrum analyzer. The observed Tir.s includes a coupling factor of 1—|I'mix output |2:
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Fig. 6-9 (Uncorrected) Measured receiver noise temperature at LO 0.88 THz and 0.90 THz (above)
and IF noise temperatures (below) for the Design A and IF-A (a), and Design B and IF-B (b). Their

measurement was performed by using one mixer chip.
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Fig. 6-9 (a) and (b) show the 7jr.s measured for IF-A and IF-B using the IF output power at the bias
voltages of 6 mV and 4 mV. Also shown is IF total noise temperature including the isolator and
amplifier which is measured with CAT system for the sets of IF-A and IF-B. This result will be

analyzed and discussed in later section.

6.4.2 Receiver noise temperature for two circuit designs
Receiver noise temperature measurement is performed by Y-factor method as the same in pre-

vious section. The measurement result is shown in Fig. 6-9 (a) and (b) for the sets of IF-A and IF-B.
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Fig. 6-10 Receiver noise temperature measured in two bias conditions of VD 1.0 V- ID 14 mA and
1.4 V-10 mA of the amplifier as a function of LO frequency (a) and for LO 0.82, 0.86, and 0.9 THz as
a function of IF frequency. Also shown is Grr Gpix estimated two method by shot noise and different
bias of amplifier (a) and Grr Gyix as a function of IF frequency (b) . The black line is averaged over

+250 MHz at a frequency.

Note that direct comparison of the noise temperature between the IF sets is difficult, because their
measurement condition is not perfectly the same each other in terms of RF waveguide length, IF

chain at room temperature, the operating temperature, etc.

6.4.3 Receiver noise temperature for different bias conditions of the IF amplifier

We also measured the noise temperature for the set of Design B and IF-B in different bias condi-
tions of VD 1.0 V-ID 14 mA and 1.4 V-10 mA for the amplifier. The total IF noise temperatures Tig
over 4-12 GHz correspond to 6.1 K and 9.4 K which measured with CAT system. Fig. 6-10 (a)
shows the receiver noise temperature measured in two bias conditions as a function of LO frequency.
It is found that the difference of their receiver noise temperatures is about 15 K. Fig. 6-10 (b) shows

the receiver noise temperatures for LO 0.82, 0.86, and 0.9 THz as a function of IF frequency. It was
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clear that significant difference was observed involving frequency dependence. This difference
should be determined by the product Grr Gmix of the mixer gain and RF loss. Since the IF noise
temperature in the different bias condition is known by CAT, it allows to be estimated for the product
Grr Gnix from eq. 1-7 and assuming the no change of effective S}; of the isolator:
GGy = Tipy — T 6-9
Trxa = Trx

Comparison of GrrGix calculated from eq. 6-9 and by shot noise method suggested in section 2.4.1
are shown in Fig. 6-10 (a) as a function of LO frequency. Two GrrGuix are in very good agreement
within the range of +0.3 dB. In addition, the IF frequency dependence of GrrGpix at LO 0.86 THz
calculated by using T by CAT system is shown in Fig. 6-10 (b) as well. There is a difference of
mixer gain to be —4 to —8 dB within 4-12 GHz, and it is found that the noise temperature is
enhanced in frequency of lower GreGuix, as was expected. On the other hand, difference in the
frequency where higher GrrGnix of about —4 dB obtained is negligibly-small, because the IF noise is
originally very small to be below 10 K.

6.4.4 Analysis

There seems to be distinctive structure among the measured receiver noise Trx, IF noise Tipg
measured by shot noise method, and IF noise 7 measured by CAT in Fig. 6-9 (a) and (b). For
example, in terms of Design B (see Fig. 6-9 (b)), it is not necessarily that the peak frequencies of the
ripple in IF noise Tir are coincided with the ones in the receiver noise Trx. Besides, even though the
ripple in receiver noise Trx is caused by the one in the IF noise T, it would be difficult to interpret
the peak-to-peak value of about 30 K from that of 0.5—1 K. The ratio corresponds to the mixer gain
of —15 to —18 dB. Meanwhile in terms of Design A (see Fig. 6-9 (a)), the receiver noise temperature
increases at around 12.5 GHz, while such increase cannot be expected from IF noise as well.
Therefore, the ripple and noise increase of receiver noise would not depend on the only frequency
dependence of IF noise. In Fig. 6-9 (b), the interval of the ripple is about 0.75 GHz which corres-
ponds to the length of about 200 mm in free space wavelength. This length may approach that of
Teflon coaxial cable to connecting between the mixer block and isolator.

We measured Sy; of the isolators including the input cable at the cryogenic temperature. We used
a very short input cable in the cryostat and calibrated it at room temperature, assuming little change
of the propagation constant. Fig. 6-11 (a) and (b) show Sj; in dB of the isolators used for the IF-A
and IF-B. It is found that there are frequencies worse than return loss of -20 dB. In addition, we
computed both IF noise temperature by shot noise 7ir_s and receiver noise temperature Trx by taking
into account Sy Of the isolators and IF total noise temperature 7ig.
Sm128m2151 Liso

1—‘L,total = Smll + 1-S S
m22

6-10

11,iso
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Fig. 6-11 Sj; in dB of the isolators used for the IF-A (a) and IF-B(b) (above) and I'L i taking into

account Syyjs0 (below) over the 3-13 GHz.

1-T
L,total 6-11

L, total = .
1+ 1—‘L,total

Then Tir_s can be represented by
1 Tiso |Fmix |2

. + Ty | 6-12
|1 - 1—‘mixsl 1,iso

TIF—S = 2

1—\r

mix,output

In the same manner, receiver noise temperature may be given by
|2
6-13

T. 1 T. |l .
TRX :TRF+ mix lso| mix

+T
2 IFtotal |»
Grr Gre G i |l =TS

11,iso

G’mix should be taken into account frequency dependence of Y| . Comparison of Tirg and Trx
between the calculation and measurement is shown in Fig. 6-12. For the calculation of the receiver

noise temperature it is assumed that Trr + T/ Grr = 200 K (for design A), 225 K (for design B),
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Fig. 6-12 Comparison of Tz (above) and Trx (below) between the calculation (gray line) and
measurement (black line) for the Design A (a) and Design B (b). Solid and dashed line indicate taking

or not into account Sjjis,. Also shown is mixer gain calculated on the basis of three-port-mixing

theory.

Ggrr = —4 dB, and T, = 8 K. The Tis calculated is not in so good agreement with the measured one,
so we may need to study more detail. However, their top and bottom peak frequencies would show
good agreement. Meanwhile, the mixer gain was calculated on the basis of the three-port-mixing
theory. It is clearly found that the ripples appear in case the Sy, is taken into account. In addition,
the receiver noise temperature calculated is in excellent agreement with the measured one for the
ripple structure in both amplitude and peak frequency.

As a result, we found the ripple structure and unexpected noise increase in the noise temperature

depends on two causes:
1. relatively low mixer gain in IF band

2. ripple in intrinsic mixer gain derived from high dynamic resistance and worse S iso.
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Fig. 6-13 Comparison of Trx and IF output power in the case of using the improved and old (used

for IF-A) isolators at LO 0.88 THz.

A good way to obtain flat IF characteristic is utilization of higher current density junctions. That
would be useful to make the noise temperature flatter because of smaller dynamic resistance and

higher mixer gain. Another is to develop wideband isolators keeping Siis, below —20 dB.
6.5 Improvement of IF characteristics

In previous section, although having said that the receiver noise temperature for design A in-
crease around 12 GHz, the flatness was almost perfect. However, whether the increase is improved
may be one of the interests. According to our analysis, the increase was attributed to the mixer gain
degradation due to worse Syis, of the isolator. So we prepared an improved isolator with the good
return loss below —18 dB by Quinstar technology Inc and measured the receiver noise temperature.
Fig. 6-13 shows comparison of Trx and IF output power in the case of using the new and old (used
for IF-A) isolators at LO 0.89 THz. It can be found that the increase of Trx around 12 GHz is
improved, while small ripple in the new one depends on RF parts. The improvement of the ripple
indicates that we should pay attention to )i, when we design the wideband IF system. In addition,
the flatness of the output power within 3.5 dB was obtained in peak-to-peak over 4-12 GHz, which
satisfied the ALMA specification.
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6.6 Conclusion

In this chapter, design, test and analysis of the low noise first stage of IF system using a
state-of-the-art ultra low noise amplifier and low-loss isolator was presented. The first IF compo-
nents and IF chain was evaluated by CAT system, and we found the best condition to achieve both
low noise below 10 K and low power consumption of 14 mW. The receiver noise temperature for
two IF circuit designed so as to achieve wide bandwidth showed excellent flatness up to 12 GHz for
the Design A, which was promising results for the ALMA specification. But it was found that there
are an unexpected noise increase around 12.5 GHz for the Design A and ripple structure for the
Design B from the frequency dependence of the IF noise temperature. On the other hand, receiver
noise temperature calculated with the mixer gain taken into account the cryogenic Sjji, Was in very
good agreement with the measurement. In addition, by changing the isolator to improved one, we
have demonstrated an improvement of the flatness of both the receiver noise temperature and the IF
output power. Therefore, their structure should be attributed to the worse S| ;;5, and low mixer gain.

In conclusion, the combination of the Design A and an isolator having return loss below —20 dB
is the most promising IF chain for the band 10 receivers. Besides, higher current density junctions

would ensure to obtain better IF characteristics because of better matching.
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Chapter 7
A low-noise waveguide SIS mixer incorporating

10-dB directional coupler

7.1 Motivation and Overview

In this chapter, we report a demonstration of the low noise waveguide SIS mixer incorporating a
10-dB directional coupler and a LO receiving horn for the ALMA band 10. We are developing band
10 cartridge receivers employing waveguide technologies. As shown in previous chapter, their
ultra-low noise performance of NbTiN-based SIS mixers has been demonstrated by using a
conventional LO injection scheme with a dielectric thin film. To meet the specification as a receiver
system, it is important to demonstrate the feasibility of waveguide technologies at terahertz
frequencies by fabrication and testing of waveguide components.

So far, waveguide SIS mixers have been developed for the ALMA receivers because of the
reliability and good performance. For example, waveguide corrugated horns have shown excellent
beam patterns which are needed to achieve beam efficiencies specified by the ALMA. The wave-
guide technologies also have an advantage for the stability because of the high mechanical rigidity,
especially at short wavelengths of the terahertz frequency. When a thin dielectric film is used for LO
injection, it picks up acoustic noise and converts it into an amplitude modulation (AM) of the LO
signal due to mechanical vibrations such as closed-cycle cryocoolers [1]. This may result in gain
instability at the output of the mixers. A waveguide mixer with a LO injection employing a
directional coupler is one of the candidates to solve this problem at terahertz frequencies. However,
the waveguide structures become very small to fabricate, and the waveguide losses increase
significantly. By detailed design, test, and characterization of the waveguide component, we found
the best way to operate the receiver in low noise that a 10-dB directional coupler and a LO receiving

horn were integrated for the mixer block.

7.2 Design and evaluation of the waveguide components

7.2.1 Evaluation of WR-1.2 waveguide losses at cryogenic temperature
We use a WR-1.2 rectangular waveguide with a size of 152 um x 304 um for transmission of RF
and LO signal. In this frequency range, the absorption loss may be no longer negligible even though

the waveguide length is shorter. Nevertheless, the loss at this frequencies have never evaluated at
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Fig. 7-1 Schematic view of waveguide loss measurement

even room temperature.

We estimated a 25-mm-long waveguide loss at cryogenic temperature. For the measurement, we
used an SIS mixer consisted of a corrugated horn and a mixer block, which were connected by a
waveguide flange as shown in Fig. 7-1. The transmission loss of the waveguide was simply
estimated by comparing the mixer gains in the case with and without the waveguide between the
mixer and the horn. Fig. 7-2 (a) shows current- and IF output power-voltage characteristics in the
two measurements. It is found that the IF output power for both hot and cold load radiation in the
case with the waveguide drops compared the one to without it. This should be caused by the
waveguide a loss. Fig. 7-2 (b) shows the LO frequency dependence of the measured mixer gains and
the estimated transmission. The loss is calculated by subtracting the mixer gain with the waveguide
from the one without it. It was found that there is the waveguide loss of about 1.2 dB/25 mm. A
modular type of waveguide components has signal path lengths of 20-30 mm, typically, which
causes noise temperature increases of 20-30 %.

In addition, we performed theoretical calculation to confirm whether the losses at the cryogenic
temperature are valid. According to ref. [2], the absorption loss of a fundamental TE;y mode in the

waveguide can then be related to the skin depth and surface roughness by a Local limit:

1/2 2 2
A
a:8.876-L- T 1+ =X -£1+2ﬁ) , dB/m 7-1
by \A-m-c Ac a

where A is the free space wavelength; A, is the waveguide wavelength in waveguide of width, a, and

height, b; o is the conductivity of the wall material and n is the impedance of free space (1201 Q).

The effect of the surface roughness should be included using a quasiempirical formula [3].
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Fig. 7-2 Current- and IF output-voltage characteristics in the case with and without a WR-1.2
25-mm-long waveguide at LO 0.87 THz (a). The /-V curves are in good agreement, and this implies
that the SIS mixer is under the same condition between their measurements. Measured mixer gains

with and without the waveguide and the transmissions (b).

2
o=a l+ %arctan 1.4(%] R 7-2
where J; is the skin effect, A is the RMS surface roughness. Meanwhile, the conductivity improve-
ment upon cooling depends on the purity of the metal, which relates to Residual Resistance Ratio
(RRR). Hence, we evaluated RRR of a 1-um-thick gold plate on bulk copper with the sample size of
5.5 mm x 0.6 mm between 300 K and 4 K. RRR of the sample was measured to be about 10 with
four probe method. If the gold of the electrical conductivity o is assumed to be 4.5x10” S/m [e.g.
[4]] and typical surface roughness of 1 um in the direct machining, the waveguide loss was
estimated to be 1.1 dB/ 25 mm. This is consistent with the above measurement. On the other hand,
the eq. 7-2 implies the surface roughness is needed to be several tens of nanometers in order to
improve the loss significantly. Although micromachining technology offers surface roughness better
than 100-nm RMS [5], it is unclear whether significant improvement may not be observed.
Therefore, their results suggest that the waveguide coupler in the modular concept is no longer

available for this frequency, in other wards; the length should be shorter as possible.

7.2.2 Mixer block design

A DSB mixer block consists of a main body, a back-piece and a superconducting magnetic coil

with pole pieces. As shown in Fig. 7-3, the main body incorporates RF and LO ports, a 10 dB
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Fig. 7-3 A DSB mixer block configuration. A 10 dB two-branch coupler is integrated in the main

body of the block (center-split).

two-branch line coupler and a slot for mounting a mixer chip to avoid the flange mismatch loss and
to minimize the waveguide loss. The detailed design of the 10-dB coupler will be described in later
section. The RF and LO signal paths of the waveguide is 7.5 mm and 31 mm long, and then the
Ohmic loss is therefore estimated to be 0.4 dB and 1.5 dB at 4 K, respectively. It is expected that the
noise temperature of more than 20 % is improved because of the shorter waveguide length,
compared to one in the case using the modular type of the coupler. The corrugated feed horn is
connected to the RF port of the mixer block with the WR-1.2 waveguide. An LO signal is injected
from the LO port of the block with the WR-1.2 waveguide. This injection scheme is selected as
based on later consideration. An RF signal from the feed horn and the LO signal are coupled by the
10 dB coupler in the block, and then transmitted to a mixer chip mounted in the chip slot in a
microstripline configuration by using an indium contact. Remaining LO power is absorbed by a

blackbody placed at the end of the waveguide.

7.2.3 10 dB coupler design

As the coupling of around 20 dB is employed in millimeter wave region, a LO signal should be
weakly coupled with RF signals to avoid increases of input equivalent noise temperature due to LO
amplitude modulation (AM) noise from LO port and due to the RF coupling loss in front of the
mixer. In the ALMA band 10 frequency, despite a fact that the LO power to drive an SIS junction is
needed to be about 0.5 W for the low noise operation, we can obtain little LO output power of 20

pW at most as a realistic power.
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Fig. 7-4 shows calculated the receiver noise temperature at LO 0.87 THz as a function of coupl-
ing in the directional coupler, using losses estimated in RF and LO signal path listed in Table I, when
the obtained LO power are 5, 10 and 20 uW respectively at the mixer block. The mixer calculated is
taken account into the same parameters as one designed in [6]: junction current density of 10 kA/cm’,
junction size of 1 um¢, IF load impedance of 50 €, and tuning circuit loss. In this calculation,
thermal noise from LO port is neglected. The result shows that the noise temperature increases

below the 10-dB coupling and above the 20-dB one due to the RF transmission loss in the coupler

Table 7-1 Losses in RF and LO paths used for the calculation of noise temperature and LO power

consumption in junctions

Loss in RF path Loss in LO path
[dB] [dB]
Warm Optics (295 K) 0.1
Infrared filter (110 K) 0.2
Cold Optics 0.2
Waveguide 0.3 1.5
Coupler 10log(1-x) 10log(x)
Tuning circuit 1.5 1.5
Junction coupling 0.7
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Fig. 7-4 Receiver noise temperature and consumed LO power in the SIS junctions as a function of
coupling in the directional coupler, when LO power of 5, 10, 20 uW can be obtained, respectively.
Parameters of the SIS mixer are summarized in ref. [6]. In terms of consumed LO power in the
junction, flat area indicates that LO power is enough to pump the SIS junctions due to strong

coupling.
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and the lack of LO power, respectively. Even though the LO power of 10 uW can be obtained, the
noise temperature seems to be degraded by 10 % even in 15-dB coupling due to the lack of LO
power, compared to the best driven condition. As a result, we choose 10-dB coupling to have a
margin for the lower LO power and for a higher current density junction involving low normal
resistance.

We designed a 10-dB directional coupler composed of 2-branch line and WR-1.2 (304 umx152
pm) waveguide. The base design was by S. Asayama. In order to simplify the design and fabrication
of the blanch lines, they are optimized with High Frequency Structure Simulator (HFSS), and then
made all the branch lines the same of equal length and spacing suggested in [7] . A tolerance analysis
of the coupler has shown that the performance degrades unacceptably if all dimensions are produced
exceeding a linear error of 5 um. Although fabrication by a micromachining technology offers
accuracy better than 2 um [5], the recent machining technology makes it possible to fabricate such
small waveguide components with the size of down to several tens of microns. The dimension

simulation, and evaluation results will be shown in next section.

7.2.4 Evaluation of the 10 dB coupler at room temperature

A 0.9-THz vector network analyzer (VNA), which was a test equipment modifying a near-field
beam pattern measurement system in ref. [8], was used for evaluations of the 10-dB coupler at room
temperature as shown in Fig. 7-5. The VNA with dynamic range of around 40 dB consists of a
W-band Gunn oscillator followed by a nonupler as a transmitter and subharmonic Schottky diode
mixer pumped by another W-band Gunn oscillator as a receiver. Both Gunn oscillators are
phase-locked to a single microwave reference, but on different sideband. The device under test

(DUT) is put between the transmitter and the receiver and the insertion loss is measured.
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Generator | X9 Signal —
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T fue H-Mix. | x9 X9 | H-Mix. —
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} f, | fi

Fig. 7-5 Block diagram of the 0.9-THz band vector network analyzer.
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Fig. 7-6 A microscope photograph of the 10-dB directional coupler with a size of WR-1.2
waveguide fabricated by direct machining. The slit width is 60 um.

In order to evaluate performances of a 10-dB coupler, a modular type of the one with four flanges
and 30 mm long waveguide was prepared. Fig. 7-6 shows a photograph of the 10-dB directional
coupler fabricated with direct machining technology. For the waveguide, a 1-um-thick gold was
plated on the copper.

Fig. 7-7 shows the measured transmission loss of the 10-dB coupler including the waveguide loss
at room temperature. For the S;; measurement, ports 3 and 4 were terminated with waveguide loads.
The typical uncertainties of the measurement, which is caused by their reflection, were about =1 dB
for S,; and £0.8 dB for Sy4, including that of calibration. Also shown is the simulated result of the 10
dB coupler which includes WR-1.2 waveguide loss estimated to be 4.0 dB/30 mm at room tempera-
ture. Their results are in reasonably agreement within the uncertainties. However, if the difference is

significant, there might be slightly difference in the coupling factor due to the machining error.
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Insertion Loss [dB]

-20
0.8 0.82 0.84 0.86 0.88 0.9 0.92
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Fig. 7-7 Measured (points) and simulated (solid line) results of a transmission (S21) and coupling
(S24) for the 10-dB directional coupler. Filled points indicate the result using the VNA, while open

points do the result using power meter.
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7.3 LO injection scheme for the band 10 cartridge

7.3.1 Consideration of waveguide and quasi-optical coupling scheme

In this frequency band close to 1 THz, it is difficult to obtain LO power satisfactorily to pump
SIS mixers. The ALMA requires an LO source with no mechanical tuners. Thus, the LO system must
consist of electrically-tunable component as based on solid-state devices. Although the high power
output devices for terahertz region have been studied and developed in past thirty decades as review
papers can be found in [9][10], the output power of the sources rapidly diminish at higher frequency
(~ 20 uW at 0.9 THz, typically). For this reason we would have to come up with some kind of
method to propagate the limited LO power to the SIS mixer.

A LO power injection scheme for the SIS mixer usually uses a beam splitter (quasi-optical) or a
directional waveguide coupler (Wave Guide - WG). Choosing one or the other solution can be driven
by different tradeoffs. Table 7-1I lists the comparison between WG and QO injection schemes in
relation to the ALMA band 10 cartridge designs. The choice made for the ALMA band 10 design
followed a full comprehension of both the upside and downside of adopting a WG scheme or a QO
scheme. On the base of the following considerations the WG scheme has been chosen for the band
10 front-end design.

One of the strongest points of the WG scheme is the high mechanical rigidity achievable for the
front-end assembly. As a consequence the LO path mechanical vibrations are minimized, therefore

the LO stability is increased. The leakage of the LO power is negligible as well. Another advantage

Table 7-11. Waveguide (WG) and quasi-optical (QO) injection scheme comparisons in relation to the

ALMA band 10 cartridge design.

WG QO
Thermal isolation Good
Insertion loss Low
LO power High
Compactness Good Poor
Number of optical elements Low High
Effect of mechanical vibration Little Large
EMI Negligible small Potential to leak
Mounting and power flux alignment Easy Small error budget
Weight Light Heavy
Thermal load Low High
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in using the WG scheme is the immediate reduction of the total optical components, which makes
the cold optics design easy. On the other hand it seems difficult, but not impossible, to make
waveguide components because the size of them is very small at the band 10 frequencies. Current
machining technologies can make small waveguides features within the size of tens of microns. In
terms of RF loss, waveguides have larger loss, which implies higher LO power levels tough to
achieve at THz frequencies within the state-of-art technologies. Meanwhile, as a technique to study
out the issue of the low LO power, a balanced waveguide mixer is a better candidate for the terahertz
band [1]. The balanced mixer has the only LO power loss of 3 dB, and this comfortable reduction in
LO power is reported in [11]. Besides, the LO amplitude noise can be suppressed in principle.
However, the balanced mixer needs two DSB mixers having the same characteristics and RF
quadrature hybrid coupler involving long waveguides to lead RF power the mixers. It might not be
suitable for the ALMA receivers accompanying with the mass production and such long waveguide

may cancel out the merit of the LO noise reduction.

Mixer block

WR1.0x3

Transition
4K ,
WR10
15K

Transition
WR2.8x3 eSO 290 mm

Fig. 7-8 LO signal path in the cartridge
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7.3.2 LO chain for the band 10 cartridges

The WR-1.2 waveguide components have a large loss at the band 10 frequencies. To reduce the
length of the waveguide for minimizing the loss, the multipliers should be placed on as close to the
waveguide coupler as possible (close to 4 K stage). Since the assumed power dissipation of the
tripler for 300-GHz frequency band (WR-2.8x3) is about 100 mW, it is impossible to place the two
triplers (WR-2.8x3 and WR-1.0x3) on both 4 and 15 K stages to isolate thermally the cartridge and
the cryostat. To solve this problem, we designed the LO path inside the cartridge, which consists of

two triplers connected by an oversized waveguide as shown in Fig. 7-8. The distribution is as

follows.

-0 t

821 and 811 [dB]

- Fundamental S,

Fundamental S,

290

Frequency [GHZz]

300

310

320

Higher modes S,,

Fig. 7-9 A model of WR3-to-WR10 transition and its simulated transmissions for 8 modes.

Table 7-111 LO path budget of the band inside the band 10 cartridge.

Parts Waveguide | Input | Output | Unit Loss Comment

Feed through WRI10 100 89 mW <0.5dB

Waveguide WR10 89 71 mW 1dB | 300K to 80 K, length ~200 mm
Tripler (WR2.8x3) WR2.8 71 1.85 mW 15.8 dB | Efficiency 2%, factor 1.3 at 80 K
Transitions + WR10 waveguide | WR3 1.85 1.47 mW 1dB | Oversized, length ~250 mm
Tripler (WR1.0x3) WR1.2 1.47 0.019 mW 18.9dB | Efficiency 1%, factor 1.3 at 4 K
Waveguide WRI1.2 19 13.5 pw 1.5dB | In mixer block

LO coupler WRI1.2 13.5 1.35 pw 10dB | In mixer block

Mixer chip 1.35 0.8 W 2.2dB | NbTiN + Nb junctions
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v' The LO signal enters the cryostat through a hermetic feed-through in the band 88.3-104.6
GHz. Two WR-10 meandered waveguides up to the first tripler input, which are a copper
waveguide and a thin-wall stainless steel waveguide with 2-pum-thick gold plate.

v' At the output of the tripler (265 GHz —314 GHz), we place a WR2.8 to WR10 transition to
match the output waveguide (WR2.8) with another stainless steel WR10 overmoded wave-
guide with 2-pum-thick gold plate to reduce the absorption loss. The overmoded waveguide
is used for the only straight part to prevent mode conversion and resonant absorption in
bend [12].

v' Another WR10 to WR3 transition (integrated with WR3 bend) is inserted between the
stainless steel WR10 waveguide and the second tripler (WR1.0 x 3).

v' The tripler is attached to the coupler integrated in the mixer block directly.

According to ref. [12], insertion losses in the 200-mm-long gold-plated WR10 waveguide for the
100-GHz- and 300-GHz-bands are about 1 dB at room temperature. When the waveguide is cooled,
the losses will be smaller according to the theoretical formula (related to the resistivity ratio between
room and cryogenic temperatures). In the case of pure metals like gold, the ratio is roughly

proportional to the temperature ratio. For example, the loss might drop to about 0.6 dB at 80 K and
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Fig. 7-10 (a) A photograph of an experimental setup for a preliminary LO power test. (b) Compari-
son of output power characteristics for the direct connection and inserting oversized waveguide

between their tripliers.
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0.3 dB at 4 K. An insertion loss of the WR3 to WR10 transition has been calculated with HFSS. Fig.
7-9 shows a model of the transition with the length of the taper of 10 mm and S;; (transmission) for
8 modes (TEyq, TE,, TEo;, TE;;, TMyy, TEz;, TMyy, and TEsg). Also shown is Sy; (return loss) for
TE 0. It can be seen that the calculated insertion loss of the transition is negligibly small.

Table 7-11I shows the LO path budget inside the band 10 cartridge. It is also assumed that sizes
of Nb junctions are respectively 0.9 um in diameter. If the LO power of 100 mW at 100 GHz is

obtained, the SIS mixer can be pumped enough.

7.3.3 Preliminary test

Power measurements involving two multipliers separated by oversized waveguides have been
conducted at room temperature as a preliminary test. Fig. 7-10 (a) shows a photograph of the
experimental setup. Two WR3-WR6 transitions and a 10-cm-long WR6 waveguide were used. The
measured WR6 waveguide loss in the 300 GHz band was about 1 dB at room temperature, which is
almost same as the expected value. Fig. 7-10 (b) shows the output power after inserting the
waveguide between the two multipliers. Also shown is output power when the two multipliers are
directly connected. It can be seen that output power of about 15 uW is obtained at the band 10 LO
frequencies. On the other hand, there are ripples due to standing-wave effect in the WR6 waveguide.

If the return loss characteristics of the multipliers are improved, this effect will be reduced.

7.4 Performance of the cartridge receiver engineering model

A photograph of an assembled Band 10 receiver and schematic layout of the receiver perfor-
mance measurement set-up is shown in Fig. 7-11. The vacuum window coating AR Teflon within
the loss of the about 4 % was used [13]. The SIS mixer having excellent performance described in

chapter 5 is used for the measurement.

7.4.1 Current response of an SIS junction for LO signals

Fig. 7-12 shows the pumped current response of the SIS junction at the bias voltage of 2.2 mV
as a function of LO frequency when the LO power is maximum. The large ripple structure can be
seen from the measurement. The optimum pumped current to minimize the receiver noise tempera-
ture was around 0.035 mA. Consequently, it is found that the SIS junction can not be pumped
enough at several frequencies below 0.84 THz due to the ripple. The frequency interval of the ripple
reflects a distance d between two reflection faces where standing wave arises, that is,

1%

d=—2" 73
2(fx = fi1)
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Fig. 7-11 A photograph of an assembled band 10 receiver engineering model and schematic layout

of the noise temperature measurement set-up.
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Fig. 7-12  Current response of the SIS junction at 2.2 mV as a function of LO frequency
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where the f and v represents the frequency of Ath ripple and phase velocity. The current response
includes the information of device’s characteristics which are placed on the LO signal path: the LO
output power, transmission characteristics of the 10dB coupler, waveguide in the mixer block, and
the sensitivity of the SIS mixer. From the measurement, the frequency interval observed was 1.8
GHz which corresponds to 85 mm, but there is no distance corresponding in the mixer block.
Converting the ripple to 0.3 THz band, since the length equals 255 mm, it is suggested that the

standing wave arises between two triplers.

7.4.2 Receiver noise temperature

The heterodyne receiver noise measurements were made by using the standard Y-factor method
for room temperature (295 K) and liquid-nitrogen-cooled (77 K) loads as well. A measured
maximum Y factor was about 1.85, which corresponded to a DSB receiver noise temperature of 179
K (about 4hf7kg). The frequency dependence of the receiver noise temperature was investigated at
several frequencies from 0.792 to 0.945 THz. Fig. 7-13 shows the measured receiver noise
temperature as a function of frequency. Noise temperature was reasonably flat over the target
frequency band. This performance is the best ever reported for SIS mixers in this frequency band at a
physical operating temperature of 4 K. In addition, this is first result that the uncorrected receiver

noise temperature meets the ALMA band 10 specification over the entire band.
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Fig. 7-13  DSB receiver noise temperatures as a function of LO frequency. The results was measured

by Y. Fujii
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7.5 Prototype mixer for the prototype cartridge receiver

The first solution being investigated was a full waveguide scheme which main characteristic was
to have the LO source (pair of triplers devices) connected to each other by an oversized waveguide.
This scheme was tested and demonstrated to suffer of large standing waves between the multipliers,
which eventually made the mixing process impossible due to lack of LO pumping power at some
frequencies of band 10. This implies that their multipliers have to be connected directly in order to
prevent the standing wave. In terms of thermal load, the first multiplier which generates 300 GHz
does not allow to be placed on the 4 K, because it generates a heat of 200 mW. Thus the LO signal
for the 0.9 THz band has to be propagated from 15 K or 110 K stages. However, it is impossible to
use WR-1.2 waveguide due to its loss.

In order to improve the performance, we are developing a prototype cartridge shown in Fig.
7-14. Our approach is to apply both quasi-optical and waveguide technologies eclectically: an LO
signal is quasi-optically injected using two identical diagonal horns and a pair of two ellipsoidal
mirrors, so called horn-to-horn scheme. Then RF and LO signals are coupled by the 10-dB
waveguide coupler. The mixer block integrates the diagonal horn for receiving the LO signal and a
waveguide 10-dB directional coupler as well as the engineering model to avoid losses due to

misalignment at waveguide flange and due to resistance in the signal path.

Fig. 7-14 Photograph of a prototype cartridge
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7.5.1 Prototype mixer block design

Fig. 7-15 shows the designed mixer block incorporating the diagonal horn for receiving of LO
signal, 10-dB directional coupler and mixer chip slot. The RF and LO signal paths of the waveguide
are 6.2 mm and 12.2 mm long, and then the Ohmic loss is therefore estimated to be 0.3 dB and 0.6
dB at 4 K, respectively. Consequently, the loss in RF signal path should be negligibly small.

Two identical diagonal horns with a pair of two ellipsoidal mirrors are used for the transmission
of the LO signal [14]. The diagonal horn is designed by assuming aperture electrical field as based

on following the equation:

2, 2
E,=E, | xcos 24 Soog 2| |exp| - jr ™ Ty 7-4
a a AR,

The choice for the diagonal aperture side and axial length of respectively 1.2 and 5 mm gives a

good compromise between the level of sidelobes radiation pattern broadening and gain. Furthermore,
the horn of such dimensions can be easily built with standard machining technique. Simulated power
coupling efficiency of the horn-to-horn is more than 60 %. Taking into account the coupling
efficiency and waveguide loss, the LO power transmitted to the SIS junction is 0.8 uW, which is
almost the same as power in engineering model. The diagonal horn and a measurement system of

horn-to-horn coupling described in later section were designed by M. Candotti.
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Fig. 7-15 Schematics of the designed mixer block incorporating a diagonal horn and 10-dB

directional coupler, and their dimension.
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7.5.2 Horn-to-horn coupling measurement at room temperature

In order to verify the actual power being transmitted from the transmitter horn to receiving horn,
a prototype of the LO optical system was made for room temperature evaluation. The setup for the
total power measurement is shown in Fig. 7-16. One horn is attached to the sub-mm electronically
tunable source and the other horn is attached to the sub-mm power meter. The power meter WR-10
waveguide interfaces with the diagonal horn WR-1 input waveguide by means of a WR-10
waveguide section. The calibration of the system is done by tightly attaching the two horn apertures,
so the total power transmitted without the optical system losses and including the power meter
waveguide mismatch can be taken as reference throughout band 10 frequencies. The horns are then
separated and connected to their position in front of the off-axis mirrors in the LO optical system.
The coupled power between the two horns is then measured again sweeping the entire band 10. In
these power measurements the background contribution is removed by switching the source on and
off. The measured power at each frequency is then obtained by subtracting the measured power with
source off from the measured power with source on. The ratio between the power measured with
optical system inserted between the two horns and the power measured from the calibration
procedure gives the total power coupling of the optical system. Total power coupling for the
prototype of the LO injection scheme throughout band 10 frequencies is shown in Fig. 7-16. The
total power coupling efficiency is observed to be around 50 % on average. Fine structure may be due

to standing wave effect between two horns, however power variation seems small.
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Fig. 7-16 A photograph and measured result of a total power coupling for horn-to-horn LO injection

scheme throughout band 10 frequencies.
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7.5.3 Heterodyne measurement sets in test cryostat

A schematic of a test receiver is shown in Fig. 7-17. The optics of the LO system is designed by
Y. Fujii, and is similar to [14], but the LO source is located at room temperature for this test. The
coupling system has been designed to maximize the coupling efficiency in wavelength independent
manner over the entire band. LO signal radiated from a diagonal horn as a transmitter is focused on
by M1 towards the other diagonal horn in mixer block via M2 and M3 reflectors. The mixer then
receives the LO power from a waveguide 10 dB coupler connected to the 0.78-0.96 THz signal
output. For the heterodyne measurement, RF signals from hot or cold loads are reflected by M5
toward corrugated horn [8] attached on the mixer block. The RF signal is down-converted by the
low-noise SIS mixer to the IF 4-12 GHz and then is amplified by a low-noise amplifier through the

isolator.

7.5.4 LO current response

Fig. 7-18 shows the typical measurement result of the current response for the LO power as well.
Since the optimum pumped current of the SIS mixer is around 0.03 mA, the LO power is enough to
pump it. In addition, smaller standing wave was observed. The observed frequency interval is about
0.4 GHz where a distance of reflection faces corresponds to 375 mm in free space. Although the
distance is close to one between diagonal horns, it was not sure where the accurate reflection face
was from this measurement. In either case, the prototype mixer showed significant improvement

compared to the engineering model in terms of LO injection scheme.
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Fig. 7-17 A schematic of a test receiver with the two identical diagonal horns and the mixer block
incorporating the 10-dB coupler. A polyimide film as a vacuum window and infrared filter having

5 % and 2 % reflection were used.
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Fig. 7-18 Typical current response of SIS mixer using the prototype mixer block.

7.5.5 Heterodyne measurement

DSB receiver noise temperature averaged over IF 4-12 GHz was below 330 K (7.54f7kg) at the
LO 0.801-0.945 THz as shown in Fig. 7-19 (a). The best noise temperature was 221 K at LO 0.873
THz. It should be noted that the noise temperature was including thermal noise from LO port
because LO source was placed at room temperature. Besides, a polyimide film and infrared filter
having losses of 5 % and 2 % reflection respectively were used. The results represent state-of-the-art
performance for mixers in the terahertz frequency range. In addition, I estimated the transmission
(S21) and coupling (S»4) of the 10-dB coupler with following method. In our measurement system, it
is possible to switch the LO port with the RF port, that is, possible to inject RF signals from the LO
port. This allows us to measure noise temperature and mixer gain at the original LO port as shown in

Fig. 7-19(b). Then, mixer gains including the optics losses measured at LO and RF port are

respectively
2
GRFport = GRFPathGWG1|S21| Gmix > 7-5
2
GLOport = G opamn GWG2|S24| Grix » 7-6

where Grepam, GLorath Gwal, and Gwg; are the gains in the LO and RF optical signal paths in front of
the mixer chip and in the LO and RF waveguides, respectively. Here, since a difference of the
lengths between the two waveguides for RF and LO path is 6 mm, by using the loss of 1.2 dB/25
mm and assuming that Grepam = GLOPaths

Gwar __1 7-7
Gy 1.07
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Fig. 7-19 Uncorrected receiver noise temperatures and mixer gains at RF port (a) and at LO port

(b).

If [Spaf* = 1-[S21
2 1.07a
S| =———. 7-8
1+1.07a

where a = GRFport / GLOport

Therefore the estimation of the transmission and coupling loss is allowed without a use of the
modular type of 10-dB coupler at 4 K. Fig. 7-20 shows the transmission and coupling estimated on

the basis of above the equation and simulated ones. The estimation would be reasonably in

agreement with simulation.
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Fig. 7-20 Transmission (S;;) and coupling (S,4) of the 10-dB directional coupler estimated (points)

from mixer gains measured at RF and LO ports. Also shown are simulated ones (solid line).
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Fig. 7-21 Noise temperature of the prototype mixer block which is corrected for the vacuum
window and estimated coupling of the 10-dB coupler. Also shown is one described in chapter 5,
which is corrected for vacuum window and beam splitter. Note that the different mixer chips are used

for their measurement, but they were fabricated at the same time and device parameters were almost

same.



138 Chapter 7

Fig. 7-21 shows noise temperature of the prototype mixer block which is corrected for the va-
cuum window and the estimated coupling of the 10-dB coupler. Also shown is one described in
chapter 5, which is corrected for vacuum window and beam splitter. Note that the different mixer
chips are used for their measurement, but they were fabricated at the same time and device
parameters were almost same. Two corrected noise temperatures are in good agreement despite of
using different measurement systems and mixer blocks. This result suggests the estimation of the
coupling is reasonable method and the part of the 10-dB coupler with two slits works well as
expected. The SIS mixer has a great potential for the ALMA band 10 receivers. The prototype
cartridge shown in Fig. 7-14 is being tested using the prototype mixer. It is anticipated to meet the

ALMA band 10 full specifications listed in chapter 1.

7.6 Conclusion

In this chapter, we presented a demonstration of the low-noise waveguide SIS mixer incorporat-
ing the waveguide 10-dB directional coupler. The mixer was used for the band-10 cartridge receiver
engineering model and then the frequency dependence of the receiver noise temperature was
investigated at several frequencies from 0.792 to 0.945 THz. For efficient use of the LO power, the
LO chain designed inside the cartridge consisted of two triplers connected by an oversized wave-
guide. As shown in Fig. 7-13, the measured receiver noise temperature was reasonably flat to be
about 180 K over the target frequency band. This performance is the best ever reported for SIS
mixers in this frequency band at a physical operating temperature of 4 K and is the first demonstra-
tion of a low-noise SIS mixer with the waveguide directional coupler. In addition, this is first result
that the uncorrected receiver noise temperature meets the ALMA band 10 specification over the
entire band. However, this scheme was tested and demonstrated to suffer of large standing waves
between the multipliers, which eventually made the mixing process impossible due to lack of LO
pumping power at some frequencies of band 10.

In order to improve the performance, we are developing a prototype cartridge applying both
quasi-optical and waveguide technologies eclectically. For the prototype cartridge, the waveguide
SIS mixer incorporating the waveguide 10-dB directional coupler and diagonal horn for LO signal
has been developed. DSB receiver noise temperatures are below 330 K (7.5Af7kg) over the range of
LO 0.801-0.945 THz with the minimum being 221 K at 0.873 THz over the range of IF 4-12 GHz,
including losses of the vacuum window. This is also the state-of-the-art sensitivity at an operating
physical temperature of 4 K, and the combination of quasi-optical and waveguide techniques would
be a good choice to achieve an efficient LO power coupling. These results indicate that waveguide

SIS mixer has a great potential for the ALMA band 10 receivers.
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Chapter 8

Summary

With the aim of achieving the specification for the ALMA band 10 receivers covering the
frequency range of 0.787-0.950 THz, we have developed low-noise SIS mixers. The results

obtained in this work and the novelties are summarized as follows:

v' Design method and its demonstration to achieve both wide bandwidth and
low noise temperature

In chapter 5, we suggested a design method with RF source impedance sweeping analysis for
obtaining both low noise and wideband performance. In order to verify the validity of the analysis,
we tested three mixer chips with different impedance transformer widths to change the source
impedance. The experimental result was quantitatively in excellent agreement with theoretically
calculated ones. This indicates that the design method makes it possible to control SIS mixers
performance more accurately.
v" Proposition of new superconducting microstrip configuration

In chapter 5, we proposed a superconducting microstrip structure with the ground plane made of
Al and the NbTiN strip embedded in the dielectric layer. This inverted microstrip line has the
potential to reduce RF losses in the tuning circuit because the currents in the lossy Al film are
spread over a larger area. According to our analysis with HFSS in terms of loss, it appears that there
is an improvement of 0.1 dB per wavelength for the inverted superconducting configuration,
compared to normal one. This result indicates that the configuration makes it a better candidate for
tuning circuits at frequencies ranging from 0.7 THz to 1.2 THz.
v' Mixer performance

© Nb/AIOL/Nb junctions integrated with epitaxial NbTiN films on an MgO sub-
strate

In chapter 4, we proposed SIS mixers with Nb/AlO«/Nb junctions integrated with epitaxial
NbTiIN films on an MgO substrate, and demonstrated the one with a low receiver noise temperature
of 171 K at 0.83 THz. However, it was found that the performance was severely-dependence on the
thickness of the MgO substrate with high dielectric constant. On the other hand, a detailed analysis
of mixers on the basis of numerical simulations was consistent with the experiment results, and it
revealed a possibility of further improvement in the mixer performance: If it make the MgO
thickness accurately controllable or find a design solution to overcome high dielectric constant, the

mixer with epitaxial NbTiN films would be a promising device for frequencies up to 1.2 THz. For
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example, coplanar waveguide, which does not depends on the thickness, would one of the
candidates as the transmission line configuration.

© Nb/AIOL/Nb junctions integrated with an inverted NbTiN/SiOy/Al microstrip

on a quartz substrate
In chapter 5, we successfully demonstrated a low-noise waveguide mixer based on Nb/AlO,/Nb

SIS junctions integrated with an NbTiN/SiO,/Al superconducting inverted microstrip. The mixer
employs a twin-junction tuning circuit and an impedance transformer which are designed to
achieve both low noise and wideband operation as above-mentioned. Corrected for optical input
losses in front of the mixer, the receiver noise temperatures showed below 200 K (DSB) over the
range of 0.79-0.93 THz at an operating temperature of 4 K. The best noise temperature of 156 K at
the LO frequency of 0.88 THz was achieved. In addition, the corrected DSB noise temperature was
below 120 K (< 3A4f7kg) around the LO frequency of 0.88 THz and at the operating temperature of 2
K. The results represent state-of-the-art sensitivity for mixers in the terahertz frequency range. In
addition, it would be also worth to have achieved the wide bandwidth using the moderate junction
current density of 8 kA/cm” significantly lower than ones pointed out so far.
v'IF characteristics of receiver noise temperature and IF output power

In chapter 6, we constructed low noise first IF chain using a state-of-the-art ultra low noise
amplifier and low-loss isolator at 4—12 GHz. The first IF amplifier and IF chain were evaluated by
CAT system, and we found the best condition to achieve both low noise below 10 K and low power
consumption of 14 mW. On the other hand, unexpected ripple and increases in receiver noise
temperature arose. By detailed analysis, we found the worse )i, than —20 dB and low mixer gain
caused the ripple or the increase in noise temperature. In conclusion, the combination of the simple
Design A and an isolator having return loss below —20 dB is the most promising IF chain for the
band 10 receivers. By using an improved isolator, flat noise temperature and IF output fluctuation
within 3.5 dB over 4-12 GHz were obtained.
v' Terahertz waveguide technologies and the total receiver performances

In chapter 7, we developed the low-noise waveguide SIS mixer incorporating the waveguide
10-dB directional coupler. The mixer was used for the band-10 cartridge receiver engineering
model and then the frequency dependence of the receiver noise temperature was investigated at
several frequencies from 0.792 to 0.945 THz. For efficient use of the LO power, the LO chain
designed inside the cartridge consisted of two triplers connected by an oversized waveguide. As
shown in Fig. 7-13, the measured receiver noise temperature was reasonably flat over the target
frequency band. This performance is the best ever reported for SIS mixers in this frequency band at
a physical operating temperature of 4 K and is the first demonstration of a low-noise SIS mixer
with the waveguide directional coupler. The noise temperature has improved by a factor of more

than 6, compared to the ASTE 0.8-THz prototype cartridge receiver (sugimoto et al 2004), for
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example. In addition, this is first result that the uncorrected receiver noise temperature meets the
ALMA band 10 specification over the entire band.

However, this scheme was tested and demonstrated to suffer of large standing waves between
the multipliers, which eventually made the mixing process impossible due to lack of LO pumping
power at some frequencies of band 10. In order to improve the performance, we are developing a
prototype cartridge applying both quasi-optical and waveguide technologies eclectically: The mixer
block incorporates a diagonal horn for LO signal in addition to the waveguide 10-dB directional
coupler. It test cryostat, DSB receiver noise temperatures are below 330 K (7.54f7kg) over the range
of LO 0.801-0.945 THz with the minimum being 221 K at 0.873 THz over the range of IF 4-12
GHz, including losses of the vacuum window. Besides the state-of-the-art sensitivity, it was
confirmed the standing wave was significantly improved. This indicates that the combination of
quasi-optical and waveguide techniques would be a good choice to achieve an efficient LO power
coupling.

v' Evaluation and measurement method
© Loss measurement of terahertz waveguide at cryogenic temperature using
an SIS mixer

The insertion loss of the waveguide at cryogenic temperature was simply estimated by com-
paring the mixer gains in the case with and without the waveguide between the mixer and the horn.
However, such measurement has never been conducted so far. It is found that there is a large
waveguide loss of about 1.2 dB/25 mm. This result implies that the waveguide coupler of a
modular type with long waveguide is no longer available at the frequency range. In other wards,
waveguide length should be short as possible. On the basis of the measurement results, we designed
a mixer block incorporating the 10-dB directional coupler to minimize the waveguide loss and
flange mismatch. The results showed low noise performance as above-mentioned.

© Coupling factor measurement of the directional coupler at cryogenic tem-

perature using an SIS mixer

In chapter 7, the prototype mixer has feed horns at both LO port and RF port. In our measurement
system, it is possible to switch the LO port with the RF port, that is, possible to inject RF signals
from an LO port. This allows measurement of noise temperature and mixer gain at the original LO
port. Then, mixer gains observed at LO and RF ports respectively should reflect the characteristics
of directional coupler. Therefore, by taking a ratio of the mixer gains, we can estimate coupling
factor of the directional coupler at cryogenic temperature. We confirmed the coupling of the 10-dB
directional coupler by employing the estimation method and in reasonably good agreement with

the simulation.
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Fig. 8-1 Results of this work and a number of SIS mixers recently developed.

Finally, I present plot results of this thesis together with results of a number of SIS receivers that
have been developed so far. This work successfully demonstrated the quantum limited low noise
performance of waveguide SIS mixers. The SIS mixers developed in this work will be installed for
the ALMA band-10 receivers, and I expect that they give us scientific knowledge we have never
know by enabling extreme sensitive observation. In addition, we believe that instruments and
technologies of the design, fabrication, and measurement developed in this work will be applied for

a variety of high frontier terahertz field.



Transmission loss for polyimide films and Teflon sheets 145

Appendix A
Transmission loss for polyimide films and Teflon

sheets

A.1 Overview

This appendix provides measurement results of transmission loss for vacuum windows and
infrared filters used for the SIS mixer test receiver. For accurate characterization of SIS mixers, we
have showed receiver noise temperature corrected for transmission loss of the vacuum window and
infrared filter. Their loss for the correction used the measurement results of this Appendix. The
measurement was performed with the help of T. Nitta of University of Tsukuba and M. Naruse of

University of Tokyo.

A.2 Measurement

Evaluated materials are summarized in Table A-I. The polyimide film A with a thickness of
12.5 ym and Zitex D were used as both beam splitter and the vacuum window, and infrared
window in test receiver as described in Chapter 4, 5 and 6. The polyimide film B with a thickness
of 8.5 um and Teflon C with a thickness of 500 um were used as the beam splitter and vacuum
window. The measurement of the transmission loss was performed with a FTS measurement system.
The transmission loss of the materials was simply estimated by comparing the spectrum in the case
with and without the material. The calibration accuracy was within 1% at the frequencies 0.25-1

THz.

Table A-I Summary of evaluated materials. The polyimide films A and B have the same refractive

index.
Material | Thickness (um) |Used chapter or section Used as
A Polyimide 12.5 Chapter 4, 5 and 6 | Beam splitter and vacuum window
B Polyimide 8.5 Section 5.6 Beam splitter
C  Teflon 500 Section 5.6 Vacuum window
D Zitex - Chapter 4, 5 and 6 Infrared filter
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Fig. A-1 Measured results of transmission for the materials A, B, C, and D

The measurement results are shown in Fig. A-1. At the band 10 frequencies, the transmissions
were measured to be within 96-97 % for B and D, and 92-95 % for A, and the ripple was observed

for the transmission of A within 88-97 % due to thicker film.

A.3 Estimation of reflectivity for the beam splitter

We estimated the reflectivity of the polyimide films in the case that they are located with an
angle of 45 degree, that is, the case the films are used as the beam splitter. In case of polarization
with an electric field perpendicular to plane of incidence, the reflectivity R is calculated by the

following formula:

4r? sin*(A/2)
- 2 2.2 A-l
(1-7r°)+4r-sin“(A/2)
where
r= S%n(il _ 12) A-2
sin(i; +i,)
Ao 47md cos(i,) A3
Ay

n and d represents the refractive index of the reflector i; and i, represent the incident and the
refractive angles. Since the transmission measured with the FTS equal to 1-R, and i; = i, = 0, we
can estimate the refractive index n by fitting with the measured results. The calculation was
performed by assuming that the absorption loss are negligible (thickness ¢ << wavelength 1). As

shown in Fig. A-2 (a), the calculation is in good agreement with the measurement if the refractive
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Fig. A-2 Calculated result of the transmission so as to be fitted with the measured results (a) and
estimated reflectivity of the 12.5-um- and 8.5-pum-thick polyimide films with an angle of 45 degree..

The symbols and the solid lines indicate the measurement and calculation result, respectively.

index n corresponds to 1.84. Therefore, the reflectivity of the 12.5-um- and 8.5-pum-thick polyimide
films as the beam splitter is calculated to be 10-14 % and 5-7 % at the band 10 frequencies as
shown in Fig. A-2 (b).
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Appendix B
Junction coupling measurement using an LO

source

B.1 Overview

This appendix provides coupling measurement method using an LO source. The measurement
allows us to estimate junction coupling efficiency with the same measurement set as a heterodyne
one. A FTS measurement system is a conventional method to estimate frequency dependence of
coupling efficiency for SIS mixers before the heterodyne measurement. However the FTS
measurement is necessary to use a different measurement set from the heterodyne one with a
transportable cryostat. Therefore, this method using the LO source might make the measurement
time to be shorter. In this appendix, we confirmed the consistency between two methods by

comparing the coupling measured by both ones.

B.2 Investigation using large signal source

The coupling measurement set using an LO source is shown in Fig. B-1. As well as a hetero-

dyne measurement system shown in chapter 2, the LO source as the large signal source is an

/ N\
A 4K stage

Current monitor
Bias supply
Mixer QN

\ =
Signal generator 21-27 GHz & <5 pm Beam splitter
900 GHz|
x4 {> x3 | x 3|y )
100 GHz

Power Amplifier

Fig. B-1 Schematic diagram of measurement system for the LO current response.
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Fig. B-2 (a) LO power PLo measured with an Erikson’s power meter and (b) measured pumped

current and pumping parameter « calculated from eq. 5-1

all-solid-state multiplier chain comprising a synthesized microwave signal generator (SG). The LO
power is quasi-optically injected by a 12.5-um-thick polyimide beam splitter with a 10-14 %
reflectivity to pump the SIS junction up to « of 0-2. Frequency of the source is changed by
controlling the SG with a Labview program, and the frequency range is limited by the bandwidth of
the multiplier and/or the power amplifier. The pumped current of SIS junctions is read out by a
digital multimeter via the circulator.

In our measurement system, it is possible to measure junction pumped-current Ipc(Vo,V,,) from
0.75 to 1 THz. Then, we can deduce frequency dependence of LO voltage V,, by calculating o =
eV /ho with an unpumped I-V characteristic and eq. 5-1. LO current [(Vo,V,,) of the tunnel
junction can be calculated from eq. 2-38. Therefore, the coupling from the LO source to the
junction is giving by

v.i,/2

C=_00'~ B-1
PLO

The LO power P is calibrated with a submillimeter power meter before the measurement.

As an example, let us compare measurement results on the basis of this method and a FTS. The
QC-mixer in described in chapter 5 was used as a sample device. Fig. B-2 (a) shows LO power P o
measured with an Erikson’s power meter. The calibration is done by tightly attaching LO diagonal
horn apertures and WR-10 waveguide directly. Therefore, there are slightly uncertainties due to
reflection in this calibration. In these power measurements the background contribution is removed
by switching the source on and off. The measured power at each frequency is then obtained by

subtracting the measured power with source off from the measured power with source on.
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Fig. B-3 Comparison of coupling measurement results between on the basis of method using LO
source and with a FTS. Their results are corrected for the optics losses in front of the mixer, such as

vacuum window and beam splitter (for using LO source).

Measured pumped current and pumping parameter « calculated from eq. 5-1 are shown in Fig. B-2

(b). The pumping parameters were computed using Labview programs.

B.3 Comparison of coupling between two methods

Fig. B-2 shows comparison of coupling measurement results between two methods. Their results
are corrected for the optics losses in front of the detector (mixer), such as the beam splitter (only for
using LO source) and the vacuum windows. They would be in good agreement, except for around
0.75 THz. The discrepancy might be attributed to strong water absorption due to the long LO path.

Although the measurable frequency range is 0.77 to 1 THz (fractional bandwidth of ~26 %),
which is narrower compared to FTS one, the bandwidth is possible to be made wider. In addition to
resonance step described in Chapter 3, this measurement would be a useful way to estimate SIS
mixer performances before the heterodyne measurement without the FTS measurement. Moreover,
this system may also make it possible to measure transmission losses of some components, such as

dielectric films.
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Appendix C

Water absorption at the experimental room

C.1 Overview

This Appendix provides experimental results of atmospheric absorption under a typical condi-
tion (humidity: 25 % and temperature 22 °C) at our experimental room. Since our test cryostat is
exposed to an atmospheric environment, the result measured is sensitive to water vapor along the
RF path. Especially, water lines at around 0.75 THz and 0.92 THz significantly influence to noise
temperature measurement of SIS mixers. In order to understand performances of SIS mixers, such
as bandwidth, actual absorption of their waver lines should be corrected. Here, we estimated the
transmission loss under the typical condition by compared with receiver noise temperature under a

nitrogen purge.
C.2 Mixer performance measurement for two conditions

We performed mixer performance measurement in two cases that the test cryostat measurement

system was under the typical environment and under the nitrogen purge (see Fig. C-1). The

QC-mixer in described in chapter 5 was used for this measurement.

Fig. C-1 Measurement system of receiver noise temperature and LO current response under the
typical environment (Humidity: 24-27 %) and under the nitrogen purge (Humidity: below 10 %) at an

ambient temperature of 22 °C.
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Fig. C-2 Measured results of (a) junction current response and (b) its ratio between the conditions.

C.2.1  Junction current response measurement using an LO source

To see the spectrum lines, we have to use a source with high frequency resolution enough. In
this measurement, the LO source used a signal generator, an active frequency quadrapler (x4) and a
nonupler (x9) which are the same as ones described in Appendix C, because it is arbitrarily
controllable for a frequency interval. The results of junction current response measured are shown
in Fig. C-2 (a). By taking a ratio of power coupling between the conditions, transmission losses
along the signal path should be known as shown in Fig. C-2 (b). The power coupling was calculated
on the basis of eq. B-1. Obviously, sharp absorption lines at around 0.752 THz and 0.988 THz, and
weak and broad line at around 0.92 THz were observed. The frequencies are in good agreement

with them of water spectral lines.

C.2.2 Noise temperature measurement

Heterodyne measurement is performed to see degradation of averaged noise temperature over
the IF range of 4-12 GHz under the typical environment. The results measured for the two
conditions are shown in Fig. C-3 (a). Unfortunately, it was impossible to measure noise temperature
at LO 0.98 THz due to the weak LO power. In the same manner as the junction coupling, RF losses
due to the water vapor were calculated as shown in Fig. C-3 (b), taking a ratio of noise temperature
between the two conditions. Degradations of 0.15 dB in the LO range of 0.78—0.90 THz, of 1.4 dB
at 0.76 THz, and of 0.25 dB at around 0.92 THz were observed.
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Fig. C-3 Measured results of (a) noise temperature and (b) its ratio between the conditions

C.3 Conclusion

We observed absorption lines employing two methods: junction power coupling and noise

temperature. Both results gave consistent dispersion characteristics. Three atmospheric absorption

spectrums at 0.752 THz, 0.988 THz, and around 0.92 THz were clearly observed by junction

current response measurement. Noise temperature increase was also observed under the typical

measurement environment exposed to air, compared to the environment under the nitrogen purge.

Especially, the noise temperature at around 0.76 THz was degraded by about 30 %, but the value

may depend on environments such as season and whether. Therefore, in order to determine

performances of an SIS mixer such as accurate bandwidth, it is necessary to correct a rate of

absorption, or to measure noise temperature below 0.75 THz and above 0.99 THz. On the other

hand, it seems that influence due to the water vapor over the frequency range of 0.78-0.95 THz

which corresponds to band 10 frequency is negligible even at 0.92 THz in the measurement system.
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Appendix D
On optimization process of NbTIN films on

quartz

D.1 Overview

This appendix describes an optimization process of NbTiN films on quartz. In section 3.6.1.1,
fabrication of electrical properties for NbTiN films on fused quartz substrates was reported. The
film properties on fused quartz substrates have significantly dependence on the deposition
condition, and influence SIS mixers sensitivity near its gap frequency. In order to improve p,ox and
T., we suggested that optimized the deposition condition yielding low p,x and high T, at room
temperature, unlike an elevated temperature. The optimization process has been established by M.

Takeda (of Sizuoka university at present) et al using facilities of NiCT located in Kobe.
D.2 Optimization process

Optimization parameters to obtain such a better film quality are total pressure, flow rate of Argon
and Nitrogen, and discharge power. It is accepted that low total pressure is better to avoid
deposition of impurities due to the high deposition rate. Consequently, the total pressure was fixed
to be 2 mtorr.

Next step is to measure a discharge /-V characteristic of NbTiN as shown in Fig. D-1. The I-V
characteristic should reflect ratio between NbTi and NbTiN, as following statement:

I.  Lower current region— the entire surface of the target is nitrided by N, and NbTiN is
formed on the surface. In such a situation, amount of N, ion is not so changed in the
chamber because amount of NbTi atoms is low in the chamber. Therefore, the discharge
impedance is increased and deposition rate is low.

II. Negative-resistance region— a part of the surface of the target is nitrided (NbTiN,) and
the other part is NbTi. The sputtered NbTi reacts with N, in the chamber and the amount
of N, is reduced. Therefore discharge impedance becomes smaller in this region.

III. Higher current region— the NbTi is sputtered before the surface of the target is nitrided.
Since the deposition rate is very high, the NbTi is not reacted with N; in the chamber.

Therefore, the curve is closed to pure-Ar /-V curve without N, gas.
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Fig. D-1 Typical discharge current-voltage characteristics for the different flow rates of N».

In general, since good superconducting properties (higher 7. and lower p,ox) are obtained in the
negative-resistance region.

Final step is to clear up relation between flow rate of N, and bias current in the nega-
tive-resistance region. Fig. D-2 shows distributions of T, and p,ox as a function of flow rate of N,
and bias current. T, and pyk resistivity were measured by four probing method. It is found that a
minimum resistivity of 90 pQcm and a transition temperature of 14.5 K were obtained in the

condition that the flow rate of Ar to N, gas was 100 to 36 sccm at a bias point of 4 A.
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