
http://repository.osakafu-u.ac.jp/dspace/

   

Title
Quantum-limited 0.78‒0.95-THz Waveguide SIS Mixers for the ALMA

Band 10 Receivers

Author(s) Kojima, Takafumi

Editor(s)

Citation 大阪府立大学, 2009, 博士論文.

Issue Date 2009

URL http://hdl.handle.net/10466/10429

Rights



                                       

 

 

 

Quantum-limited 0.78–0.95-THz Waveguide SIS Mixers  

for the ALMA Band 10 Receivers 

 

Takafumi Kojima 

 

 

 

 

 

 

February, 2010 

 

Osaka Prefecture University 





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 (5hf/kB) for 80% bandwidth and 344 K (7.5hf/kB) 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 RC. For this reason, it might have been 

believed that the SIS junction’s current density (Jc) is the most important factor to make the RF 

bandwidth wider. This implies that high Jc (>20 kA/cm2) 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/AlOx/Nb junctions and 

new microstrip configuration using epitaxial NbTiN films and normal metal. The device based on 

NbTiN 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/AlOx/Nb junctions with a moderate 

current density of 8 kA/cm2 and low loss NbTiN/SiO2/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]. 

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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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0 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. 

 

 

 

 

Fig. 1-1  Artist’s concept of ALMA © European Southern Observatory (ESO)/ALMA 
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Cryostat
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) 

Table 1-I Frequency coverage and sensitivity requirement of the ALMA frequency bands 

NAOJSRONNAOJIRAMNRAOCUTNAOJHIATBDTBDInstitute

23016890.566.537.53023.517 14 7.5 Trx (DSB) over 80% (K)

0.190.180,260.290.260.260.260.320.290.29Fractional Bandwidth

9507205003702752111631169040Highest Freq. (GHz)

8696604423232431871441007935Center Freq. (GHz)

787602385252211163125846730Lowest Freq. (GHz)

10987654321Band
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10987654321Band
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10987654321Band
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Fig. 1-2  Atmospheric transparency at the Chajnantor site in good condition and frequency coverage 

of the ALMA frequency bands [6].  
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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 

 

 

    
Fig. 1-4  Simulation of ALMA observations of disk at 0.9 THz with an embedded planet of 1Mjup 

around a 0.5M⊙ star (orbital radius: 5AU). The assumed distance is 50 pc (left) / 100 pc (right). The 

disk mass amounts to Mdisk = 1.0 × 10−2 M⊙. 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.  

 

 

Fig. 1-5  Schematic view of the cold optics for the ALMA band 10 designed by M. Candotti. 
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300 K plate

110 K stage

15 K stage

4 K stage

 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-II  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/kB) (over 80%) 

 < 344 K (7.5hf/kB) (full band) 

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

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

 6. Amplitude stability  0.05 and 100 sec  < 4.0 x 10
-7 

 300 sec  < 3.0 x 10-6 

 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 (5hf/kB) for 80% bandwidth and 344 K (7.5hf/kB) 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. 



8                                                                       Chapter 1                  

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 fRF to IF ones fIF by modulating a large LO signal fLO. 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: 

  IFLORF fff   .       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 
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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 ~ 107 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 I-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 

 
Bk

hf
T Q .       1-2 

This derives from following things. If one measures the energy E of a system and the precise time t 

at which the system possesses this energy, the uncertainties in these quantities are related by 

 2/ΔΔ tE .       1-3 

This leads to the equation 

 2/1ΔΔ n ,        1-4 

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


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
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k
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l
l

k

G

T
TT ,      1-5 

which is known as Friis’ formula, where Tk, and Gl are kth equivalent input noise temperature and lth 

(= k-1) available power gain. A passive component with the gain G of less than 1 generates the noise 
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Fig. 1-8  Photograph and block diagram showing composition of an SIS mixer. TWG, GWG, Ttune, 

Gtune, Tmix and Gmix, 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 Tamb: 

 ambAtt 1
1

T
G

T 





  .       1-6 

Thus the equivalent input receiver noise temperature shown in Fig. 1-7 can be described by 

 
mixcplin

IF

cplin

mix
inRX 'GGG

T

GG

T
TT  ,     1-7 

where TIF (10 K), Tmix (100 K) and Tin (15 K) are respectively the equivalent input noise 

temperatures of the IF chain, the SIS mixer, and the optics, and G’mix, Gcpl and Gin (< 1) are 

respectively the available power gains of the SIS mixer, the LO coupler, and the optics. Gtune and 

GWG would not be negligible at the band 10 frequencies, although Ttune and TWG should be less than 1 

K. These Gtune (~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  

 
mixcpltuneWGin

IF

cpltuneWGin

mix
inRX GGGGG

T

GGGG

T
TT  .   1-8 

In conclusion, it is essentially important to reduce Tmix and to make all the gains Gin, GWG, Gtune, Gcpl, 

and Gmix 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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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 RC. For this reason, it might 

have been believed that the SIS junction’s current density (Jc) is the most important parameter to 

make the RF bandwidth wider. In this case, we have to develop high Jc (>20 kA/cm2) SIS junctions 
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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] 
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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  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. 1-10  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. 
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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 

m304 m (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 m at a circuit 

part and 10 m 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 W 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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Fig. 1-11  Problems of waveguide losses and LO power in terahertz bands. (a) Comparison of 

gold-plated rectangular waveguide (TE10 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]. 
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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 

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.

[K] 
Gain 
[dB] 

Input noise
[K] 

Noise at Rec. 
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 at 4 K 

Waveguide 4 -0.5 1 1.1 10 dB coupler 

10 dB Coupler 4 -0.5 5 6.3 10 K/μW 

Tuning circuit 4 -1.5 1.7 2.3 NbTiN/SiO2/Al 

Mixer 4 -4.0 83 165 2 hf/kB at 0.87 

Isolator 4 -0.6 2.4 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
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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. Tmix and Gmix in eq. 1-7 are determined by the embedding 

circuits and the SIS junction properties: nonlinearity and leakage current of the I-V 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 Gtune 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, m (RF), and are given by the 

relation: 

  mm  0 ,       2-1 

where  

 m = 0, ±1, ±2, ±3 …. 

The frequencies are separated from each LO harmonic by an amount equal to the frequency, 0, 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 VJ 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 

 

 

F0F1

YS1

F2

YS2

F3

YS3

IS1=ILO

VJ

IJ

YS0

IS0=Ib

Mixing elementLO harmonics Fundamental LO DC bias  

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 Fm. Fm 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, m. The mixing element is, therefore, 

terminated in only one impedance at each LO harmonic. The equations for the circuit at each 

harmonic give 

  0jjss  mmnm IVYI ,      2-2 

where m is the harmonic number. Ism, the source current, is normally zero except for m = 0, 1. Ijm and 

Vjm are the frequency-domain current and voltage at the mixing element terminals, respectively. Vjm 

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: 

Y1
Nonlinear

Mixer

m=m  0

VLO(t)

Y2

i2

Y0

i0

Y-1

i-1

i1

…
…

…
…

S(t)YS=

YL=
v0(t)

 
Fig. 2-2  Schematic diagram of a general heterodyne mixer, with applied LO frequency , signal 

frequency =S and IF output at . The equivalent embedding networks at all of the sideband 

frequencies m=m +0, are indicated, with termination admittances Ym. 
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These voltage and current components will be linearly related for small signals by an admittance 

matrix: 

 



m

mmmm vYi .       2-5 

This Ymm’ 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 Ymm’ 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 {m} placed at each sideband 

port m of the mixer will produce small-signal current and voltage components across the junction 

satisfying 

 
mmm

m
mmm

mmmm

vYY

vYi




 



)(       ,  .     2-6 

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

generators, 

 


 
m

mmmm Zv ,       2-7 

where, in matrix notation, 

 
1

,


  mmmmmmm YYZ  .      2-8 

In the practical situation, the output voltage at 0 (=IF) may be written in the form 

 



m

mmZv 0000   ,      2-9 

where the quantity 

 0000 / ZZ mm  ,       2-10 
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does not depend upon the output load termination Y0 =YL. 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 m at m is thus equivalent at the output to a fictitious 

source 0mm of frequency 0, which depends upon the properties of the mixer but not on the value 

of Y0 =YL. 

  In a fundamental heterodyne mixer, the incoming signal may be represented by 1=S at 

frequency +0, as illustrated in Fig. 2-2. The total signal power available at the input is therefore 

 
S

2
S

in 8G
P


 .       2-11 

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

form 

 
2

S
2

01L
2

0Lout 2

1

2

1
 ZGvGP .     2-12 

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

 
2

01LS
in

out
SSBmix, 4 ZGG

P

P
G  .     2-13 

In these expressions, the conductances GS and GL represent the real parts of the source and load 

admittances YS and YL, respectively. The conversion efficiency is therefore readily calculated in 

terms of the small-signal admittance matrix Ymm’ and the terminations Ym of the mixer element at 

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

   )(2
2

10I
2

01SLDSBmix,  ZGZGGG .     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 I(t) = [I(t)<I(t)>] in parallel with an idealized noiseless mixer, where I(t) is the induced 

LO current through the intrinsic device and <I(t)> 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 
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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: 
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where IsN are the shot noise currents at each mixing frequency m. 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 m due to shot noise is  

 ][][][ ss IZV mm         2-16 

where [Zm] is the row of the conversion matrix. The mean-square value of the junction noise voltage 

is 

 t†t†
ss

2
s ][][][][ mmm ZIIZV       2-17  

where †t represents the conjugate transpose of the matrix. The term [Is][Is]
†t is a matrix 

representing the correlations between the shot noise components at the various mixing frequencies. It 

is, therefore, called the correlation matrix [Cs] for the pumped mixer. The term in this matrix have 

been evaluated and are 

 BeICII nmmn  2][][ s
t†

ss      2-18 

where Im-n is the coefficient for the m-n th harmonic in the Fourier series representation of the local 

oscillator current. 

 

 

 

Noiseless 
mixing elementZe

it is 

 

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 
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where T, B, and  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 
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where Gm is the real part of the embedding impedance. 

Total noise 

The voltage at an IF frequency of 0 is the sum of the shot noise and thermal noise components: 

   t†

][][ 0ts0
2

0 ZCCZV       2-21 

Total noise power referred to the input port using this output voltage and eq. 2-16 is given by   
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Therefore the equivalent input mixer noise temperature can be characterized by defining the noise 

current source 4kTmixBRe(Y1) connected in parallel with an idealized noiseless mixer    
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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 , 

the quasi-particle tunneling current from the left to the right electrode is given by 

 dETEfTeVEf
TE

E
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eVE

e

G
VI )],(),([

)]([)]()[(
)(

2/1222/122
N

dc 
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 




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where e, GN 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  
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TkEe
TEf .      2-25 

 When a voltage V<2/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 V = 2/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). 

 

 

2

2
eV

E

2
2 eV

E

hv

(a) (b)

S I S

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

by photon assisted tunneling (b).  
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Photon assisted tunneling 

Unlike classical diode as a mixing element, it is not possible to describe nonlinear I-V 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)( 0
)( eVjeWWddtI ti     ,   2-26 

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

voltage: 
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Besides, j(V) in eq.2-26 is complex current response function: 

    )()()( 0KK0dc0 VIViIVj  .      2-28 

When the bias voltage V(t) contains only a dc component V0, then W() = (0), which is delta 

function, and from eq. 2-26 we have 

   )()/(Im 0dc0 VIeVj  .      2-29 

This equation implies that the imaginary part of the quasiparticle response function at frequency 

=eV0/ħ is equal to the dc tunneling current at bias voltage V0. 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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Fig. 2-5  Calculated (ideal) and measured dc I-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 I-V curve is summation of n order term component of Bessel function. 



28                                                                     Chapter 2 
 

time independent. The real part of the complex current function is related to the imaginary part by 

Kramers-Kronig transform: 
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The dc current Idc(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 I-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 IKK(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 

 tVVtV  cos)( LO0  .      2-31 

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

on the left side of barrier due to the LO is given by 
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The Fourier transform of this phase factor defined by eq.2-27 then becomes 
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Substituting this result into eq. 2-26 for the induced tunneling current gives 
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where the amplitude of the local oscillator waveform is contained in the argument of the Bessel 

functions: 

  /LOeV .       2-35 

The averaged current induced by the local oscillator thus contains components at all the various 

harmonic frequencies, with magnitudes given by 
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Equations 2-34, 2-36 and 2-37 indicate that many harmonics of the drive frequency  exist in an SIS 
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junction, and that there exists an out-of-phase reactive component sint as well as an in-phase 

component cost. Assuming that all harmonics are shorted, a dissipative and reactive currents can be 

derived by setting m to 1 at a frequency : 
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Thus the dissipative and reactive currents is defined in complex notation by 

 LOLOLO IiII  .       2-40 

In addition, it should be noted that the current component for m = 0 corresponds to dc I-V curve of a 

voltage-pumped SIS junction, which is completely independent of the real part of the quasiparticle 

response function IKK.  
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This equation describes the structure of I-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 

through the tunnel junction is Re(ILOeit). The equivalent circuit for the mixer at the LO frequency  

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 LO 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 

 LOLOLO VYI 
  .      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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Small-signal 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 0 all sidebands described in 2-1. 

Each of these sidebands is represented in Fig. 2-2 by a mixer port with a termination admittance Ym. 

The incoming signal at frequency s=1 is represented by a current generator S with a source 

admittance YS=Y1. The function of the mixer is to convert this incoming signal power to the output 

frequency 0, and couple it into the load admittance YL=Y0 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 eqs. 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 I-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 

 )()()( sigLO0 tvtVVtV  ,      2-44 

 )()()( sigLO titItI  .      2-45 

The inclusion of vsig(t) 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 VLO(t) alone. Retaining only 

terms to first order in the sideband voltage components vm’(t), we generalize eq. 2-33 to 

VLOeit

ILOeit

LOeit Y=G+iB

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

assumed to be short circuited 
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Inserting this result into eq. 2-26 for the total current, and again retaining only terms linear in the 

sideband voltages vm’(t), we find the admittance matrix elements that give the signal currents im(t) in 

eq. 2-5 to be 

 mmmmmm iBGY   ,      2-47 
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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  
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where  = 1/kBT. 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 S at the input port in Fig. 2-2 is equivalent, according to eq. 2-9, to a 
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current source 01S at the output frequency whose square may be expressed in terms of the 

available incident power eq.2-11 in the form 
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The equivalent noise temperature referring to input port due to shot noise in SIS junction can be 

found by using the correlation matrix 

 s

,
002

01L

LO
mix

1
mm

H
G

T
mm

mm 


 


.     2-52 

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

 st
mmmmmm

HHH


 .      2-54 

 

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 t is defined by 
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where Es(0,) is the electric field parallel to the surface of the conductor and Jx(z,) is the current 

density in the conductor at depth z. For the magnetic and electric field penetration depths,  and  

respectively, we then can write the following expressions:

 



0

s ]Im[Z
 ,       2-56 

 



0

s ]Re[Z
 .       2-57 

The surface impedance Zs is distinguished by three regions, in local limit, anomalous limit, and 

extreme anomalous limit. In the local limit, defined by le  c for normal metals or    for 

superconductors, the frequency-dependent surface impedance for the thin conductor with thickness t, 

conductivity  at the operating temperature is solved from Maxwell’s equations and is given by 
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where c is the classical skin depth, le is the mean free path of electrons,  =L(/0)
1/2 is the 

effective penetration depth, and  = 1/(0
-1+ le

-1) is the Pippard coherence length [15]. 

In the non-local case where le  c or   , 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    for the superconductor, the frequency dependent 

complex conductivity rji can be analytically resolved 
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where f() is equilibrium Fermi-Dirac distribution function at ambient temperature that is 
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n is the normal conductivity of a superconductor just above the critical temperature Tc. The first 
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integral of 1 represents conduction of thermally excited normal electrons, while the second integral 

of 1 introduces generation of quasiparticles by the incoming radiation, which is called as 

pair-breaking. The lower limit on the integral for 2 becomes - when the frequency exceeds the gap 

frequency. 2 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 le  c by Reuter-Sodheimer [16]  
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Thus, the surface resistance becomes a material constant in the extreme anomalous limit. For 

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 z 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 Z0 and complex propagation constant  

relating to loss constant  and phase constant  are defined as 
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i(z)
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i(z+z)

z

v(z) v(z+z)

Lz

Cz

 

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

line with lumped elements. 
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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]) 

  21210 ss ZZggjZ   ,      2-66 

 1re0 / gjY  ,       2-67 

where g1 and g2 are geometrical factors, re is the effective dielectric constant of the corresponding 

perfectly conducting microstrip line and Zs 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] 
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where 0 is the free space impedance. For the corresponding perfectly conducting line, Zs1 = 0 and 

Zs2 = 0. Its characteristic impedance is  
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Applying the eq. 2-70 to eqs. 2-68 and 2-69, we obtain 
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Closed form analytical expression for g2 is given by 
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Fig. 2-8  Geometry of a microstrip line 
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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/SiO2/Al (300/300/500 nm) superconducting 

microstrip line with a width of 4.5 m 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 Zstrip_v and Zstrip_h 

 

Zstrip_v()

Zstrip_h()

r

Zground()

Port 1

Port 2

 

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 Zground. 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 (Tc = 14.5 K, 

2/e = 4.9 mV,  = 100 cm) 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 ( = 0.25 cm) with a 

thickness of 500 nm is calculated in the local limit. The simulation results of characteristic imped-

ance Z0, 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 Z0, which are caused by slightly different current 

distribution on the surfaces of the wiring and ground plane layers developed in the two methods. 
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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 (Tc = 14.5 K, 2/e = 4.9 mV,  = 100 cm) 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 ( = 

0.25 cm) 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:  
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where 

 









DC

BA
T ][ .       2-76 

For a cascade connection of two-port networks, as a more general case, the T-matrix is given by 
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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 [Tt] for a transmission line with characteristic impedance Z0, length d, and complex 

propagation constant  described in previous section is represented by 

 


















 )cosh(

)sinh(
)sinh()cosh(

][

0

0

t d
Z

d
dZd

T 


.     2-78 

It is well-know that an equivalent circuit of the SIS junction can be represented by a capacitance Cj 

in parallel with the junction’s resistance Rj. In a similar way, since the SIS junction is connected in 

parallel to the transmission line, then T-matrix [Tj] for the SIS junction is represented by 
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where Zj = (1/Rj + jCj )
-1. 
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Fig. 2-11 Two-port network related to the current and voltage 
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For  << 1, the junction resistance determined by I-V curve is 
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From eqs.2-78 and 2-79, total T-matrix becomes as follows: 

 ][][][][][][][ 4j3j21 TTTTTTT  .     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  
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where the subscript indicates the components of the row and column of the total T-matrix. If the 

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

by  
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The voltage across each junction can be calculated to be  
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The subscript also indicates the row component of the matrix. Therefore, consumed powers in each 

junction are   

Zfeed

Z1  1d1 Z2  2d2 Z4  4d4Z3  3d3
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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. 
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The available power of the circuit is  
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Thus, dividing eqs.2-85 by eq. 2-86, it can be calculated that the transmission power coefficient is   
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Furthermore the reflection coefficient is given by 
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Employing the above calculation method, the loss Gtune in the tuning circuit can be included for the 

mixer gain  

 tunemixmix GGG  .       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,  

  inrecrecout PPGP  ,      2-90 

where PREC, PIN and GREC 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 T is given by  

 TBkP B ,       2-91 

where kB 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: 
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Using the powers from a blackbody source at a temperature of TC&W, hot and TC&W,cold we have 

 )( hotW,C&RXBrechotout, TTBkGP   and     2-93 

 )( coldW,C&RXBreccoldout, TTBkGP  .     2-94 

The equivalent input receiver noise temperature is calculated as: 
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where the Y is defined as the ratio of Phot/Pcold and the measurement method is often referred to as 

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

 IFmixRF
BW,coldC&hotW,C&

out,coldhotout,
rec )(

GGG
BkTT

PP
G 




 .    2-96 

The receiver conversion gain corresponds to the slope of Fig. 2-13 (a). We can also estimate the 

mixer conversion gain G’mix containing RF gain GRF (<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):  

 


k

eB
P

G

2

'IF
IF  ,       2-97 

P’IF is the derivative of IF power with respect to dc bias voltage in the linear region beyond the 

junction’s gap voltage, and 
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represents the IF coupling efficiency (neglecting the reactive components) with the IF load 

resistance and the equivalent normal resistance. 

 

2.4.2 Test receiver 

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 (×4) for W-band, an 88–105 
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Fig. 2-13  Schematic of (a) Y-factor method and (b) shot noise method. 
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GHz power amplifier, and a frequency nonupler (×9) for the 0.9-THz band. The LO power and RF 

signal are quasi-optically combined by a 12.5-µm-thick polyimide beam splitter, radiation then 

enters the cryostat through a 12.5-µm-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 Tmix, Gmix, and Gtune. Tmix and Gmix are determined by SIS junction 

properties, such as nonlinearity of the I-V curve and leakage current, and the embedding circuits. The 

Ohmic loss Gtune in the tuning circuit which might be included in GRF 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 Tmix 

and Gmix, 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ħeVg because of the 

overlapping n=1 photon step from the negative branch. (b) Secondly, increase of the RF losses Gtune 

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 all-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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 (i) Nb/AlOx/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. 

 (ii) Nb/Al/AlN/NbTiN (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]. 

 (iii) NbN/AlN/NbN (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 . 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/Rj 

and 1/50 -1 at each simulation, respectively. The noise temperature of an IF chain was 10 K at 8 
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Fig. 3-1  Three current-voltage characteristics of (i) Nb/AlOx/Nb, (ii) Nb/Al/AlN/NbTiN, and (iii) 

NbN/AlN/NbN 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  
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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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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. 
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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 SiO2, 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/SiO2/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/SiO2/Al (M-III): taken at the frequencies of 0.8-1.1 THz e.g. [7],[8]. 

  (c) Nb/SiO2/Au (M-IV): using epitaxial Nb films [5], [9] 

  (f) Al/SiO2/Al (M-V): normal metal microstrip [10][12]. 

The calculation was taken into account parameters summarized in Table 3-I and performed as 

based on Mattis-Bardeen theory described in chapter 2. The characteristic impedance of the 

microstrip line is 15 . 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/SiO2/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-I  Resistivity at 4.2 K for the normal conductor and gap frequency and normal state 

resistivity for the superconductor to estimate the microstrip loss. of Au, Nb-a (typical) and 

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

 

Material Fgap [THz]  [ cm ] 

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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If NbTiN/SiO2/Al microstrips are used for the tuning circuit with Nb-based junction, the loss 

Gtune in the tuning circuit is 1.9 dB and 2.5 dB better compared to those in Nb/SiO2/Au and 

Al/SiO2/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 I-V curve and is also believed to degrade the mixer 

performance. Hence, NbTiN/MgO/NbN 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/SiO2/Al 

microstrip with the Nb-based junction would be promising for the ALMA Band 10. 

Table 3-II Material Parameters used for the calculation of the microstrip attenuation 

 Ground plane 

(270 nm thick) 

Dielectric layer

(300 nm thick) 

Wiring layer 

(500 nm thick)

Highest application 

 Frequency [THz] 

M-I Nb-a SiO2 (r = 4.4) Nb-a 0.7 

M-II NbN MgO (r = 9.8) NbTiN 1.2 

M-III NbTiN SiO2 Al 1.2 

M-IV Nb-b SiO2 Au - 

M-V Al SiO2 Al - 
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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.  
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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/SiO2/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.  
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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 (= f0/f ). When the 

SIS junction capacitance is tuned out by an external inductance, the Q-factor of the resonance circuit 

is related to the RNCj product, where the , RN, 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 RNCj product for this frequency at 

least, but the product is still important indicator to characterize the SIS junction. The RNCj product 

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

resistivity RNA: 
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Q-factor, i.e. the RNCj product can be represented as a function of Jc.  
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where Cs is specific capacitance depending on the Jc and is estimated to be  
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  for Nb/AlOx /Nb junction with Jc = 0.1 to 18 kA/cm2,  

 16.073
s )10(1071  cJC ,      3-4 

  for NbN/AlN/NbN junction with Jc more than 15 kA/cm2 [19]. 

  

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/m2 for a current-density of 10 kA/cm2, as well as 

ref. [17]. From the eq. 3-2 , it is found that the junction coupling bandwidth is approximately 

proportional to VgapCs/Jc. This implies that higher Jc, that is, thinner junction is needed with 

frequency. Besides, since the NbN/AlN/NbN junction has about twice larger gap voltage to Nb 

junction, the Jc should be about two to three times higher than that of the Nb/AlOx/Nb junction to 

achieve the same bandwidth from the eqs. 3-2, 3-3, and 3-4. Conversely, the Nb/AlOx/Nb junction 

has the advantage regarding Jc as well. 

In terms of the optimum RNCj, Kerr et al proposed a rule RNCj = 400/f (GHz) [20], but then a 

frequency-scaled 500 GHz SIS mixer should have Jc 50 kA/cm2, 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 GRN is only weakly dependent 

upon frequency for high frequency SIS mixers [22]. Obviously, the low product, i.e. high Jc makes it 

possible to achieve the wide bandwidth and to reduce the tuning circuit loss. However, too high Jc 



52                                                                     Chapter 3 

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 Jc 

should be chosen. Our theoretical and experimental results suggested that the optimum Jc of the 

Nb/AlOx/Nb junction at the 0.9 THz band was 10 to 15 kA/cm2 which yields the RNCj 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 (r = 4) and relatively good mechanical stability is the most widely used substrate for 

waveguide type SIS mixers. On-chip hybrid structures consisting of Nb/AlOx/Nb SIS junctions and 

an NbTiN/SiO2/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 20K and Tc is deposition at 
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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 20K and high Tc 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.   

   

 

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

deposition condition. 

 

  

 

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

 Size: 8 inch 

 Base pressure: > 2 x 10
-5

 Pa 

 Ar: N2 = 100:36 sccm 

 Pressure: 2 mTorr 

 Bias current: 4 A 

 P.D.: 4.6 W/cm
2 
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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 
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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. 
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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 Tc and normal resistivity 20K relating to 

gap frequency and surface impedance, respectively. Fig. 3-8 presents the best Resis-

tance-Temperature (RT) characteristics of those NbTiN films. Tc and 20K residual resistance ratio 

RRR (=R300K /R20K) were obtained to be 14.8 K, 52 cm and 1.18 in an epitaxial NbTiN film, and 

were 14.5 K, 80 cm 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 4K at 4 K are 10-15 and 

4 108 -1m-1 for a 500-nm-thick film deposited on sputtered SiO2 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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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 m 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-µm-thick quartz wafers having a diameter 

of 35 mm, or on 400-m 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%O2/SF6 plasma. In the 

next step a standard Nb/Al-AlOx/Nb 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 SiO2 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 

. 

 

 

Nb top 
electrode

 

Fig. 3-9  Left: Twin-junctions after SiO2 lift-off (nominal diameter  =1 m).  Right: The tuning 

section after Al lift-off. 
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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 m. As the wafer is cut to a depth of 70 m, 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 m (MgO) or 40 m (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 m/min., and is finally performed with 

high accuracy at a rate of 0.4 m/min. We are now able to fabricate the mixer chip with an accuracy 

of around 5 m in the width and thickness. 

 

 

Fused Quartz Substrate

1.  NbTiN deposition and patterning

2. Trilayer deposition

4.  Anodization and SiO2 Deposition

5. SiO2 lift off

6. Aluminum deposition and etching

Substrate

NbTiN

SiO2 Nb

3.  Junction definition

AlOxAl Photoresist

 

Fig. 3-10  Sequence of process steps 
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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 Rsg/RN, 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/cm2. 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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Fig. 3-11  Current-voltage characteristics of a twin junction, nominal junction diameter 1 m, 

current density 8 kA/cm2 (solid line). A self resonance step by a tuning circuit is pronounced by 

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

 

40 m or 25 m
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NbTiN

Polishing from this side  

Fig. 3-12  Method used to fabricate mixer chip 
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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/AlOx/Nb tunnel 

junctions and NbTiN/SiO2/Al or NbN/SiO2/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/SiO2/Al or NbN/SiO2/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/SiO2/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 m and 28 m 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 . 

relatively higher dielectric constant εr ~ 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 m and thickness of 28 m based upon simulations 

with the high-frequency structure simulator (HFSS). 

We selected a WR-1.2 (152 m × 304 m) 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 

µm, 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 Ω 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/SiO2/Al microstrip-

line and SIS junction. The PCTJ 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 Jc of an SIS junction is set to 10 kA/cm2 in order to 

operate it wideband, and its specific capacitance is assumed to be 85 fF/μm2. The size of an SIS 

junction is 1.0 µm in diameter. The microstripline used to tune out the geometric capacitance of the 

SIS junction consists of NbN/SiO2/Al. We assumed in the design that the Al conductivities at 4.2 K 

and NbN normal state are 1.1 × 108 and 0.8 × 106 Ω–1m–1, 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 µm as the standard. In order to characterize the tuning circuit 

experimentally, the tuner length was varied from 5 to 7 m, and the junction size was varied by 0.1 

µm in diameter. The two-junction circuit, which has an impedance of approximately 13 Ω 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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Fig. 4-3  (a) An observed resonance-induced Josephson step in the I-V 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. 

 

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 I-V curve of one of the several measured mixers. Nb 

junctions with a current density of 6.5 kA/cm2, 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 Jc = 8 kA/cm2) in which an epitaxial 
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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 Jc of 8 kA/cm2. 

NbTiN 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 m close to the designed mixer and two MB- and 

MC-mixers were observed to be 36 m, 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 m and more than 0.88 THz in the thickness of 36 m. 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 m (left) and 36 m (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 SiO2 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/SiO2/Al tuning 

circuits. To ensure continuity in the operation, our detailed analysis shows that a substrate with 

thickness close to 25 m 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 m. We believe 

that such improvements will reduce the noise temperatures. 
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Fig. 4-6  Equivalence of stepped impedance and open circuit and quarter-wave sections (above). 1 

versus 2 for different values of K (below) 

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-m-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 
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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. 1 and 2 

denote the effective electrical lengths of the lines with Z1 and Z2 characteristic impedances, 

respectively. Investigating the input impedance of the stepped impedance section at resonance, the 

following equation can be derived: 

 21
1

2 tantan 
Z

Z
K ,      4-1 

where K equals to Z2/Z1. Design curves are drawn in Fig. 4-6 for different values of K. The total 

electrical length of the resonator is given by t = 1 + 2. It is noted that for K = 1, the total electrical 

length is 90◦ 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 Ω ≤ Z ≤ 150 Ω). 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 1 = 2 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. 
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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 m with the angle and substrate thickness t fixed to 15° and 25 m, 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(Zfeed) and a decrease of Im(Zfeed), while 

increasing a results in a decrease of both Re(Zfeed) and Im(Zfeed). On the basis of the principle, Zfeed 

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 m with the angle and substrate thickness t fixed to 15° and 25 

m, respectively. As illustrated in Fig. 4-8, it is found that the feed impedance has almost real 

impedance of 30  at the center of the working frequency range when L is around 35 m. 

 

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 m from another analysis. Also shown is a photograph of a mixer chip and 

listed is parameters of SiO2, 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 m for the substrate 

thickness for 25 m. To match impedances between twin-junction and feed point, a quar-

ter-wavelength impedance transformer with the length of 28 m and the width of 2.5 m 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 m for the substrate thickness of 25 m. 
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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-m-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/cm2 

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 RN (Junction size), MD- and ME-mixers has all the same parameters (e.g. tuner 

length, Rsg/RN). Since the slightly different RN of 1.4  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 Ω 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 m. 
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Fig. 4-12  Fitted pumped I-V curve to the measured one by sweeping embedding impedance on the 

basis of ref. [12] The mixer gain is calculated from the pumped I-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-I  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/cm2] 6.5 8 

Vacuum window [dB] -0.28 -0.32 

Beam splitter [dB] -0.55 -0.62 

Excess loss [dB] -1.0 

-7.4 

-1.3 

-6.5 
Waveguide [dB] 0.0 -0.2 

Tuning circuit [dB] -1.7 -1.4 

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 I-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/AlOx/Nb 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. 

 

 

 

References 
 

[1] W. L. Shan, M. Takeda, T. Kojima, Y. Uzawa, S.C. Shi, and Z. Wang, 19th Int. Symp. on Space 

THz Technology, Groningen, 28-30 April 2008. 

[2] Z. Wang, A. Kawakami, Y. Uzawa, and B. Komiyama, “Superconducting properties and crystal 

structures of single-crystal niobium nitride thin films deposited at ambient substrate tempera-

ture,” J. Appl. Phys. 79 (10), 1996. 



76                                                                     Chapter 4 

[3] W. Shan, S. Shi, T. Matsunaga, M. Takizawa, A. Endo, T. Noguchi, and Y. Uzawa, “Design and 

development of SIS mixers for ALMA band 10, ” IEEE Trans. Appl. Supercond., 17 (2), 2007. 

[4] A. Navarrini and B. Lazareff, “275-370 GHz DSB and SSB waveguide mixers employing a 

tuned Nb/Al-AlOx/Nb SIS tunnel junction,” ALMA Memo, No. 351 [Online]. Available: 

http://www.alma.nrao.edu/memos/html-memos/alma351/memo351.pdf 

[5] A. R. Kerr, “Surface impedance of superconductors and normal conducting EM simulators,” 

MMA Memo, No. 245 [Online]. Available: 

http://ww.alma.nrao.edu/memo/heml-memo/alma245/memo245.1.pdf 

[6] V. Belitsky, C. Risacher, M. Pantaleev, V. Vassilev, “Superconducting microstrip line model 

studies at millimetre and sub-millimetre waves,” Int. J. Infrared and Millim Waves, 27 (6), 2006. 

[7] T. Noguchi, S. C. Shi, and J. Inatani, “Parallel connected twin SIS junctions for millimeter and 

submillimeter-wave mixers—analysis and experimental-verification,” IEICE Trans. Electron., 

78-C (5), 1995. 

[8] D. C. Mattis and J. Bardeen “Theory of the anomalous skin effect in normal and superconduct-

ing metals,” Phys. Rev. 111, 1958.  

[9] H. B. Callen and T. A. Welton, “Irreversibility and Generalized Noise,” Phys. Rev. 83 (1),1951 

[10] J. R. Tucker and M. J. Feldman, “Quantum detection at millimeter wavelengths,” Rev. Mod. 

Phys. 57, 1985. 

[11] M. A. S. Alkanhal, “Compact Bandstop Filters with Extended Upper Passbands,” Active and 

Passive Electronic Components 2008, Article ID 356049, 2008 

[12] A. Skalare, “Determining embedding circuit parameters from DC measurements on quasiparticle 

mixers” Int. J. Infrared Millim Waves 10, 1989. 

 

 



Demonstration of a low-noise waveguide NbTiN-based SIS mixer on a quartz substrate  77 

 

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 (Jc) 

SIS junction has been pointed out or suggested to be important in many papers [1][4]. In this case, 

Jc more than 20 kA/cm2 might be needed to cover the RF frequency range of the ALMA Band 10. 

This is because the high Jc junctions have advantages of higher intrinsic mixer conversion gain, 

reduction of RF loss in the tuning circuits, and wider bandwidth due to the low ωRNC Product. 

Where ω is angular frequency and, RN 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 Jc junctions as possible would be the best 

way to improve the bandwidth.  

However, such high Jc junctions might be unsuitable for the ALMA band 10 SIS mixers which 

requires mass production, because selecting high Jc junctions have to compromise the yield and the 

quality factor corresponding to Rsg/RN. In general, Rsg/RN of SIS junctions degrades with increasing 
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Fig. 5-1 Relation between the Rsg/RN factor and the junction current density Jc. The SIS junctions 

are fabricated in our laboratory. Of them, the symbols are data of Nb/Al–AlOx/Nb and 

Nb/Al–AlNx/Nb barrier SIS junctions selected at random.  
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Jc (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 Jc 

shown in Fig. 5-2. Since the pinhole current is carried in Andreev clusters with charge q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/SiO2/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 Jc junction around 10 kA/cm2 without the benefits of higher Jc 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/AlOx/Nb tunnel junctions and NbTiN/SiO2/Al tuning 

circuit on quartz substrate. An inverted microstrip line is adopted for the tuning circuit to reduce RF 

 

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 
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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 3hf/kB and 5hf/kB 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  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 
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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 . 
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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/SiO2/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 
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Fig. 5-4  A scanning electron microscope image and cross-sectional sketch of the twin-junction 

circuit. 
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impedance Z0, effective dielectric constant re, 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-I. 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-I  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: 

NbTiN critical transition temperature: 

NbTiN film thickness: 

NbTiN normal state conductivity at 20 K:

SiO2 thickness: 

SiO2 dielectric constant: 

Al film thickness: 

Al conductivity at 4.2 K: 

1.2 THz 

14.5 K 

270 nm 

1.0 × 106 –1m–1

300 nm 

4.4 

500 nm 

4.0 × 108 –1m–1
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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 m 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/AlOx/Nb SIS junctions with the size of 1 m 

in diameter and a moderate current density of 10 kA/cm2, for which we can expect high-quality I-V 

characteristics [15]. The specific capacitance of the junctions is assumed to be 85 fF/m2 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 Tmin and maximum mixer conversion gain Gmax 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 ZTmin 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 
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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 Jc of 10 kA/cm2 at LO frequency of 0.87 THz. (c) LO 

frequency dependence of ZOG and ZON over 0.78-0.96 THz. These smith charts are normalized to the 

normal resistance RN of twin-junction. LO Frequency dependence of (d) mixer gain, (e) mixer noise 

temperature and (f) receiver noise temperature for different source impedances of 0.8RN, 0.5RN, 0.3RN, 

ZTmin@0.87THz. 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 Jc of 10 kA/cm2 at LO frequency of 0.87 THz. (c) shows 

the LO frequency dependence of ZTmin and ZGmax over 0.78-0.96 THz. Also shown in (d), (e) and (f) 

are LO frequency dependence of mixer gain, mixer noise temperature and receiver noise tempera-

ture when ZS is set to 0.8RN (~ZGmax@0.87THz), 0.5RN, 0.3RN, and ZTmin@0.87THz. Here, ZGmax@0.87THz and 

ZTmin@0.87THz represent ZGmax and ZTmin at the center of the RF band. For the calculation of the 

receiver noise temperature the IF load impedance was set to 50 Ω and the IF noise temperature to 10 

K at 8 GHz. From Fig. 5-6 (e) we conclude that the value of ZS should be close to 0.5RN, because it 

offers the lowest receiver noise temperature and the widest RF band. While for a source impedance 

of ZS = 0.5RN the conversion gain is smaller when compared to the case of perfect gain matching (ZS 

= 0.8RN), 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 µm 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 (>RN), 8.9 (0.67RN), and 5.9 Ω 

(0.44RN) 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 
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Fig. 5-7  (a) Feed impedance Zfeed and three source impedances ZS transformed by quar-

ter-wavelength microstrip line with widths of 2.5, 3.5, and 4.5 µm 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 Ω 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 0.5RN 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 0.5RN, because they draw the impedance locus along the same 

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

 

 

 

Table 5-II Designed and measured parameters for three mixers. The designs of QB-, QC-, and 

QD-mixers have only different transformer widths of 2.5 µm, 3.5 µm, and 4.5 µm, respectively. The 

parameters for the mixers are measured at 4 K. 

Design 

Device # QB QC QD

Tuner Length (µm) 5.5 

Transformer Width (µm) 2.5 3.5 4.5 

ZS (Ω) 14.5 8.9 5.9 

Junction Size (µmφ) 1.0  

Measurement 

Jc (kA/cm
2
) 8 

R
N
 (Ω) 14.6 15.0 14.8 

R
SG

 / R
N
 21 17 24 

Resonance step (mV) 1.80 1.78 1.80 
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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/cm2, which is slightly lower than the designed value, 

showed approximately same characteristics and good I-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-µm-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 

 

 

0

100

200

300

400

500

600

0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96
Frequency [THz]

C
o

rr
e

ct
e

d
 T

R
X
[K

]

B C DB C D

(a) (b)     (c)

-15

-10

-5

0

0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96
Frequency [THz]

M
ix

e
r 

G
a

in
 [

d
B

]

0

100

200

300

400

0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96
Frequency [THz]

M
ix

e
r 

N
o

is
e

 [
K

]

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 formula10) and by ref. [16], and 

are corrected for the losses of vacuum window and beam splitter of 12.5-µm-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 I-V characte-

ristics (RN, 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 ZS of QD- and QC-mixers are the closest to RON 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 RON 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 
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Fig. 5-10 Measured current, IF output power, and corrected noise temperature for the QD-II mixer 

at 4 K at LO 0.88 THz as a function of bias voltage. 
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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 Jc 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 

RSG/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. 5-11  Measured noise temperature as a function of frequency. Note that the mixer noise 

contribution includes tuning circuit loss. 
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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 T-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 xmax which determines the maximum 
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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. 
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time-delay tmax= xmax/c. In the frequency domain a longer span for the time-delay means a narrower 

convolving function, whose width is f = 1/tmax. 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-1, which means a minimum 

data-point interval of 0.125 cm-1 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 

 )/()(),( 0dc
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 ,    5-1 

where a presents the photon energy normalized pump level 
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with Idc(V) the current of the unpumped SIS junction at bias voltage V0, and V the applied RF 

voltage amplitude at frequency . For a direct detector the incoming signal is small ( ~ 0) so that 

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

 

Fig. 5-13  Photograph of a Fourier Transform Spectrometer (FTS) system 
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in [6] 
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The RF impedance ZRF, of the tunnel junction can be calculated from the dissipative currents given 

by Tucker and Feldman [6] and the applied RF voltage V. 
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which reduces to 
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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  is the ratio of the current increase to the 

power absorbed by the junction  
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where  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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mV. The frequency response of a quantum limited detector above the cut-off frequency is simply f--1 

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, SiO2 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. 5-15  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.  
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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 (TMIN, Re, Yopt) such that 
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where T is the noise temperature of the device and YS is input source admittance. TMIN is the 
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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. 
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minimum noise temperature, Yopt is the source admittance that achieves this minimum and Re, 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 YS and T, 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. YS for each mixer is deduced from 

pumped I-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 I-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 Yopt = 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 
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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 I-V curves on the basis of ref. [26] with the SIS mixer analyzer (SISMA) programmed by W. 

Shan. 
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Yopt 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 Yopt is 

allowed to represent by R and C for the single junction so that the impedance locus passes through 

Yopt@0.88THz as also shown in Fig. 5-17, they can be are obtained to be 18.2  (0.6RN) and 0.086 pF 

(1.1CJ), 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 Re which determines an interval for 

each constant noise circle on the smith chart. In this case, lower Re 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 YOPT. In above analysis, Re might not be so low: when the source impedance is set to RN, 

noise temperature increase about 50 K compared to the condition setting to YOPT. The best way to 

improve Re is to accomplish a low-loss tuning circuit. For example, Re would be improved by 

increasing Jc due to the reduction of losses in the microstrip In addition, higher Jc makes a RC 

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.  
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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-m-thick polyimide beam splitter, radiation then enters 

the cryostat through a 500-m-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-m-thick polyimide beam splitter, 

radiation then enters the cryostat through a 500-m-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 I-V characteristics yielding a subgap-to-normal-state resistance ratio (Rsg/RN) 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 
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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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1.4 dB. In this calculation, the source impedance ZS 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/SiO2/Al microstrip line and 

Nb/AlOx/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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Fig. 5-20  Uncorrected and corrected DSB receiver noise temperature at 2 K. A vacuum window of 

500-m Teflon and beam splitter of 8.5-m polyimide film were used for the measurement. 
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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 (< 3hf/kB) 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/cm2 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  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 
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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  
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where Tsys is the total equivalent noise temperature of the system, G is the gain of the DUT, L1–L3 

are losses associated with input cable, attenuator, and output cable at physical temperatures of T1–T3, 

respectively, and Trec 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. L1–L3 were measured with vector network analyzer. The measurement of 

T2 used Lakeshore 218 Temperature Monitor with a calibrated DT-470 diode sensor fixed on an 

attenuator holder located on 4-K stage. T1 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 
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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 YL seen by the SIS junctions, does not equal 50 

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

circuit designs of A, B, and 50  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 YL 

calculated in previous section (Fig. 6-6 (a)) into eq. 2-13. The noise TIF 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 Teff,IF by adding 

the noise component reflected from the mixer is 

 IFiso
2

mixIF Γ TTTeff,  ,       6-2 

where TIF is the equivalent noise temperature of IF chain, Tiso is the physical temperature of the 

isolator, and Γmix is a reflection coefficient depending on dynamic resistance as shown in Fig. 6-8.  
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where Smij indicates the S parameter of the mixer block and the reflection coefficient mix,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 
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where Ymix,out is obtained by subtracting the IF load admittance from the total mixer admittance at the 

IF frequency: 

 L
00

outmix,
1
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Z

Y  .       6-5 

This is approximately mixer dynamic conductance, which is simply the slope of the dc I-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  

 
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where e is the charge of a single electron, Tamb is the ambient temperature and Rdyn is the dynamic 

resistance at the bias point of a voltage Vdc and a current Idc. Then, the IF output power observed at 

instrument is given by  

 




  IF

2
mixiso

2

outputmix,shotBIFOUTIF, Γ)Γ1( TTTBkGP .   6-7 

Adopting this method, we conducted Y-factor measurement for the IF noise TIF-S with Agilent 

E4445A Spectrum analyzer. The observed TIF-S includes a coupling factor of 1|mix,output |
2: 
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Fig. 6-9 (a) and (b) show the IF-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. 6-9  (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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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 TIF 

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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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 GRF Gmix estimated two method by shot noise and different 

bias of amplifier (a) and GRF Gmix as a function of IF frequency (b) . The black line is averaged over 

±250 MHz at a frequency.  
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clear that significant difference was observed involving frequency dependence. This difference 

should be determined by the product GRF 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 

GRF Gmix from eq. 1-7 and assuming the no change of effective S11 of the isolator: 
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2-IF1-IF
mixRF TT

TT
GG



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Comparison of GRFGmix 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 GRFGMix are in very good agreement 

within the range of ±0.3 dB. In addition, the IF frequency dependence of GRFGmix at LO 0.86 THz 

calculated by using TIF 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 GRFGmix, as was expected. On the other hand, difference in the 

frequency where higher GRFGmix 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 TIF-S 

measured by shot noise method, and IF noise TIF 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 TIF 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 TIF, 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 S11 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 S11 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 TIF-S and receiver noise temperature TRX by taking 

into account S11iso of the isolators and IF total noise temperature TIF.  
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Then TIF-S can be represented by 
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In the same manner, receiver noise temperature may be given by 
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G’mix should be taken into account frequency dependence of YL,total. Comparison of TIF-S 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 TRF + Tmix/GRF = 200 K (for design A), 225 K (for design B), 
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Fig. 6-11  S11 in dB of the isolators used for the IF-A (a) and IF-B(b) (above) and Ltotal taking into 

account S11iso (below) over the 3-13 GHz. 
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GRF = 4 dB, and Tiso = 8 K. The TIF-S 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 S11iso 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 S11iso. 
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Fig. 6-12  Comparison of TIF-S (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 S11iso. Also shown is mixer gain calculated on the basis of three-port-mixing 

theory.  
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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 S11iso 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 S11iso 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 S11iso 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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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. 
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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 S11iso 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 S11iso 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 m 304 m 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 



118                                                                    Chapter 7 

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 TE10 mode in the 

waveguide can then be related to the skin depth and surface roughness by a Local limit: 
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where λ is the free space wavelength; g is the waveguide wavelength in waveguide of width, a, and 

height, b;  is the conductivity of the wall material and  is the impedance of free space (120). 

The effect of the surface roughness should be included using a quasiempirical formula [3]. 
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Fig. 7-1  Schematic view of waveguide loss measurement 
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where s is the skin effect,  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-m-thick gold plate on bulk copper with the sample size of 

5.5 mm  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  is assumed to be 4.5107 S/m [e.g. 

[4]] and typical surface roughness of 1 m 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. 7-2  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 I-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). 
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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 

W at most as a realistic power.  
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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).  
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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 W 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/cm2, 

junction size of 1 m, 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-I  Losses in RF and LO paths used for the calculation of noise temperature and LO power 

consumption in junctions 

 
Loss in RF path

[dB] 

Loss in LO path

[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 W 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 W 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 m152 

m) 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 m. Although fabrication by a micromachining technology offers 

accuracy better than 2 m [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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Fig. 7-5  Block diagram of the 0.9-THz band vector network analyzer. 
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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-m-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 S21 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 S21 and 0.8 dB for S24, 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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Port 3Port 4

RF in

LO in

Mixer chip
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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 m. 
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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 W 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-II 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-II. Waveguide (WG) and quasi-optical (QO) injection scheme comparisons in relation to the 

ALMA band 10 cartridge design. 

  WG QO 

Thermal isolation Moderate Good 

Insertion loss Moderate Low 

LO power High Moderate 

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.  
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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-2.83) is about 100 mW, it is impossible to place the two 

triplers (WR-2.83 and WR-1.03) 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.  

 

 

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

Parts Waveguide Input Output Unit Loss Comment 

Feed through WR10 100 89 mW < 0.5 dB  

Waveguide WR10 89 71 mW 1 dB 300 K 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 1 dB Oversized, length 250 mm 

Tripler (WR1.0x3) WR1.2 1.47 0.019 mW 18.9 dB Efficiency 1%, factor 1.3 at 4 K 

Waveguide WR1.2 19 13.5 W 1.5 dB In mixer block 

LO coupler WR1.2 13.5 1.35 W 10 dB In mixer block 

Mixer chip  1.35 0.8 W 2.2 dB NbTiN + Nb junctions 
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Fig. 7-9  A model of WR3-to-WR10 transition and its simulated transmissions for 8 modes. 
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 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-m-thick gold plate. 

 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-m-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]. 

 Another WR10 to WR3 transition (integrated with WR3 bend) is inserted between the 

stainless steel WR10 waveguide and the second tripler (WR1.0 3). 

 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 S21 (transmission) for 

8 modes (TE10, TE20, TE01, TE11, TM11, TE21, TM21, and TE30). Also shown is S11 (return loss) for 

TE10. It can be seen that the calculated insertion loss of the transition is negligibly small. 

Table 7-III shows the LO path budget inside the band 10 cartridge. It is also assumed that sizes 

of Nb junctions are respectively 0.9 m 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 W 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,  
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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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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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where the fk and v represents the frequency of kth 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 4hf/kB). 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  



A low-noise waveguide SIS mixer incorporating 10-dB directional coupler             131 

 

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. 
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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:  
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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 W, 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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7.5.5 Heterodyne measurement 

   DSB receiver noise temperature averaged over IF 4-12 GHz was below 330 K (7.5hf/kB) 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 (S24) 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  

 mix
2

211WRFPathRFport GSGGG G ,     7-5

 mix
2

242WGPathLOLOport GSGGG  ,     7-6 

where GRFPath, GLOPath GWG1, and GWG2 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 GRFPath = GLOPath,  
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Fig. 7-18  Typical current response of SIS mixer using the prototype mixer block. 
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If |S24|
2 = 1|S21|

2 , 
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where LOportRFport / GGa   

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. 7-19  Uncorrected receiver noise temperatures and mixer gains at RF port (a) and at LO port 

(b). 
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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. 
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Fig. 7-20  Transmission (S21) and coupling (S24) 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 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 (7.5hf/kB) 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: 

 

 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.   

 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. 

 Mixer performance 

 Nb/AlOx/Nb junctions integrated with epitaxial NbTiN films on an MgO sub-

strate 

In chapter 4, we proposed SIS mixers with Nb/AlOx/Nb junctions integrated with epitaxial 

NbTiN 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/AlOx/Nb junctions integrated with an inverted NbTiN/SiO2/Al microstrip 

on a quartz substrate 

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

SIS junctions integrated with an NbTiN/SiO2/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 (< 3hf/kB) 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/cm2 significantly lower than ones pointed out so far.   

 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 S11iso 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.   

 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 (7.5hf/kB) 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.  

 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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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.
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Fig. 8-1  Results of this work and a number of SIS mixers recently developed. 
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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 m 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 m and Teflon C with a thickness of 500 m 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 (m) 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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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: 
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n and d represents the refractive index of the reflector i1 and i2 represent the incident and the 

refractive angles. Since the transmission measured with the FTS equal to 1R, and i1 = i2 = 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 t  wavelength ). 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-1  Measured results of transmission for the materials A, B, C, and D 
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index n corresponds to 1.84. Therefore, the reflectivity of the 12.5-m- and 8.5-m-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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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-m- and 8.5-m-thick polyimide films with an angle of 45 degree.. 

The symbols and the solid lines indicate the measurement and calculation result, respectively.    
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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 
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Fig. B-1  Schematic diagram of measurement system for the LO current response. 
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all-solid-state multiplier chain comprising a synthesized microwave signal generator (SG). The LO 

power is quasi-optically injected by a 12.5-µm-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 IDC(V0,V) from 

0.75 to 1 THz. Then, we can deduce frequency dependence of LO voltage V by calculating  = 

eV/ħ with an unpumped I-V characteristic and eq. 5-1. LO current I(V0,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  
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The LO power PLO 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 PLO 

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-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 
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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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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). 
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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.  

 

 

(b)(a)

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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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 (×4) and a 

nonupler (×9) 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-2  Measured results of (a) junction current response and (b) its ratio between the conditions. 
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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 20K and 

Tc, we suggested that optimized the deposition condition yielding low 20K and high Tc 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 I-V characteristic of NbTiN as shown in Fig. D-1. The I-V 

characteristic should reflect ratio between NbTi and NbTiNx as following statement:  

I. Lower current region the entire surface of the target is nitrided by N2 and NbTiN is 

formed on the surface. In such a situation, amount of N2 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 (NbTiNx) and 

the other part is NbTi. The sputtered NbTi reacts with N2 in the chamber and the amount 

of N2 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 N2 in the chamber. 

Therefore, the curve is closed to pure-Ar I-V curve without N2 gas.  
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In general, since good superconducting properties (higher Tc and lower 20K) are obtained in the 

negative-resistance region.  

  Final step is to clear up relation between flow rate of N2 and bias current in the nega-

tive-resistance region. Fig. D-2 shows distributions of Tc and 20K as a function of flow rate of N2 

and bias current. Tc and 20K resistivity were measured by four probing method. It is found that a 

minimum resistivity of 90 cm and a transition temperature of 14.5 K were obtained in the 

condition that the flow rate of Ar to N2 gas was 100 to 36 sccm at a bias point of 4 A. 
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Fig. D-1  Typical discharge current-voltage characteristics for the different flow rates of N2. 
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論文要旨 

 

Quantum Limited 0.780.95 Terahertz  

Waveguide SIS Mixers for the ALMA Band 10 Receivers 

(ALMA Band 10 受信機に用いる 0.780.95 THz 帯超低雑音 SIS ミキサ) 

 

 

小嶋崇文 

 

Superconductor-Insulator-Superconductor (SIS) ミキサは電磁波のへテロダイン検出に最

も高感度な検出器であり，電波天文学におけるミリ波サブミリ波の輝線・連続波観測に広

く用いられてきた。SIS ミキサは，導波管回路，低損失伝送線路，そしてミキシングを担

う SIS 接合から成る。テラヘルツ帯は電波天文学や通信分野においても長く未開拓周波数

帯であったため，現在その発展のために SIS ミキサの広帯域・高感度化が期待されている。 

Atacama Large Millimeter/submillimeter Array (ALMA) 計画は，日米欧 3 者が協力し南米

チリ・アンデス山脈の標高 5000 m のアタカマ高地に 66 基の電波望遠鏡を設置する巨大電

波干渉計建設プロジェクトであり，2012 年から本格運用開始が予定されている。観測周波

数は 30 GHz0.950 THz であり，受信機はその大気の窓をカバーするように 10 個の周波数

帯に分割して最適化され，30 年という長

期運用に耐え，メンテナンスが容易なよ

うにカートリッジ型受信機が採用されて

いる (図 1)。Band 10 は，ALMA プロジ

ェクトの最高周波数帯であり 0.787-0.950 

THz をカバーする。Band 10 は, 0.01 秒角

という高空間分解能を生かした原始惑星

系円盤の内部構造と進化の解明が期待さ

れる周波数帯である。 

このようなチャレンジングな観測を

実現するために，ALMA 計画では厳しい

受信機仕様の要求があり, Band 10 では

量子限界雑音温度の 5 倍である 230 Kと

いう受信機雑音温度をその帯域の 80 %

に渡って達成する必要がある。最も困難

な開発要素は SIS ミキサ(図 2)であるが、

これまで技術的困難によりこの超低雑

音・広帯域特性を満たすミキサは存在し

 

300 K plate

110 K stage

15 K stage

4 K stage

30
 c

m

図 1 開発中のプロトタイプカートリッジの写真 
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なかった。他のバンドでは量子限界雑音の数倍という受信機が成功裏に開発されてきたこ

ととは対照的に，当周波数帯の最大の困難は、高い信頼性のある全 Nb-SIS ミキサを用い

ることが出来ないことにある。これは当周波数帯が Nb のギャップ周波数（約 0.7 THz）以

上であるために、Nb の電極損失が急激に増大し伝送線路の損失が増大することに因る。

例えば，伝送線路の電極材料として Nb を用いた場合，1 波長当たり入力信号に対して 60％

以上減衰する。このように，20 年以上前から確立されてきた SIS ミキサの作製技術をその

ままスケールダウンさせて当周波数帯に適用することはできない。また，SIS 接合は構造

的に大きなキャパシタンスをもつため，それを打ち消すための共振構造が必要になる。こ

の場合，その帯域はRC で制限されるため，比帯域 19％以上が要求される Band 10 周波

数帯域をカバーするためには，SIS 接合の臨界電流密度 Jc は 15 kA/cm2 以上が必要である

と指摘されてきた。これは SIS 接合に Nb/AlOx/Nb を用いた場合，絶縁層 AlOx の厚さが

数 nm 程度という極端に薄い SIS 接合が必要である。高い臨界電流密度は，接合品質を保

ったまま実現することは現在の作製技術では困難である。したがって，当周波数帯では伝

送線路の電極材料を変え，設計手法を見直すという研究開発要素が必要となる。 

これらの技術的困難を解決するために，作製および設計的アプローチの両方から詳細

な調査を行い，テラヘルツ帯にギャップ周波数を有する超伝導体・窒化ニオブチタン

(NbTiN)を用いたミキサの開発を進めてきた。本研究は ALMA Band 10 の厳しい受信機仕

様を満たすために，SIS ミキサの広帯域化および低雑音化の実証を目的としている。 

第 1 章では序論として，本研究の背景，重要性とその目的について述べた。 

第 2 章では，SIS ミキサの設計や解析を行うため，ミキシング原理と超伝導高周波伝送

理論を解説した。SIS 接合を用いたミキシングの原理は，Tucker と Feldman によって確立

されており，準粒子トンネル電流に起因する非線形電流電圧特性と，一般的なダイオード

のミキシング理論を組み合わせている。また，超伝導マイクロストリップラインをモデリ

ングするためには，超伝導の表面インピーダンスを計算する必要があり，これには
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図 2  (a) SIS ミキサ内部の写真ミキサチップと (b) ミキサチップ導波管-マイクロストリップ変換の給電部

分のインピーダンス。このスミスチャートは 30 Ωで規格化している。 
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Mattis-Bardeen 理論に基づいた超伝導の複素導電率を適用した。 

第 3 章では SIS 接合およびマイクロストリップラインに用いる電極材料として様々な

組み合わせを検討し，選定を行った。当周波数帯では，高い変換利得の得られる SIS 接合

と低い伝送損失の得られるマイクロストリップラインが必須であり，最終的に，

Nb/AlOx/Nb 接合と NbTiN/SiO2/Al マイクロストリップラインの組み合わせが最も有望で

あることを理論的計算から確認した。また NbTiN 膜の低損失化を図るために最適な作製条

件の調査を行った。さらに SIS ミキサの作製プロセスの説明をした。 

第 4 章では，Nb/AlOx/Nb 接合＋NbTiN/SiO2/Al マイクロストリップラインを MgO 基板

上に作製したミキサの特性を実験的に調査した。このミキサは MgO 基板上で NbTiN 膜が

エピタキシャル成長し，理想的な超伝導特性が得られること利用したもので，世界的にも

初めての構造である。一方，MgO は 10 程度の比較的高い比誘電率をもつために電磁波の

伝搬損失の一因である基本モードの IF ポートへのリークや高次モードが発生しやすくな

る。したがって，設計には 25 m という薄い基板厚と IF ポートへのリークを強力に抑圧す

るためにハンマーフィルタを適用した。作製したミキサ素子は 0.83 THz において 171 K と

いう非常に低雑音な性能を示した。これは，超伝導伝送線路が非常に低損失で働いている

ことを実証するものである。一方，詳細な解析により，Band 10 に用いるミキサとしては

回路的にさらなる改善が必要であることを明らかにした。 

第 5 章は，本博士論文の中心となる部分であり，Nb/AlOx/Nb 接合＋NbTiN/SiO2/Al マイ

クロストリップを溶融石英基板上に作製したミキサの特性を詳細に測定・解析した。溶融

石英は従来から使用されてきた基板で扱いやすいが，NbTiN 膜は多結晶成長し，その特性

がスパッタ条件に依存しやすい。このため，第 3 章で説明した最適化条件で作製した NbTiN

膜を用いた。また，伝送線路にはグラウンド電極を Al，ストリップ導体に NbTiN を用い

た反転型マイクロストリップラインを適

用して低損失化を図った(図 3)。SIS 接合

に関しては，これまで，臨界電流密度 Jc 

は 15 kA/cm2 以上が必要であると考えら

れてきた。そのような高い Jc の接合は一

般に接合品質の劣化を招き，現状の作製

技術では困難である。したがって，Jc が

10 kA/cm2程度の SIS 接合に対して，低雑

音特性を保ったまま広帯域化が可能かど

うかを設計的なアプローチから検討した。

具体的には，共振回路を固定し利得と雑

音が信号源アドミタンスにどのように依

存するかを解析した。この結果，ミキサ

の雑音最小と利得最大になるインピーダ
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図 3  ミキサの同調回路部分の走査型電子顕微鏡写真と

断面構造 
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ンスが異なることが判明し，広帯域・低

雑音特性を同時に満足する解が存在する

ことがわかった。この解析に基づいて作

製したミキサを測定したところ，ALMA 

band 10 の受信機仕様を満たしうる低雑

音広帯域特性を実証することができた。

また，物理温度 2 K における雑音性能を

測定し，3 倍の量子雑音に相当する 120 K

という世界最高性能の超低雑音特性を示

し，開発に成功した(図 4)。 

第 6 章では 4-12 GHz という広帯域な

IF 系回路に関して，IF 雑音および出力特

性の平坦度の改善方法を検討した。当周

波数帯で低雑音化の妨げとなっていた原

因のひとつは IF 雑音温度とミキサの利

得低下である。我々の解析では IF 雑音の寄与は全受信機雑音温度の 20-30％程度を占める。

したがって，高いミキサ利得とできるだけ低い IF 系の雑音温度が求められる。しかしなが

ら，4-12 GHz という 1 オクターブを超えるバンド幅でこれを満たすように IF 特性を保つ

ことは非常に困難であった。高いミキサ利得はミキサの 200 Ω以上の高い出力インピーダ

ンスによって得られるが，そのようなインピーダンスは 50 Ωの特性インピーダンスをも

つ IF 系とのマッチングを難しくする。これを解決するためにミキサと IF 系とのインピー

ダンス特性を詳細に調査し，どのような IF 回路が適当であるかを検討した。解析の結果，

アイソレータの入力リターンロスの改善が，受信機雑音温度および出力特性の改善に効果

的であることを見出した。これにより IF 特性に関して，ALMA の仕様を満たす特性を得

ることができた。 

第 7 章では導波管型 10 dB カプラを一体化したミキサブロックの開発について説明し

た。導波管コンポーネントはミリ波帯では広く用いられているが，当周波数帯では大きな

損失が発生することが問題となっていた。まず，長さ 25 mm の導波管を用いて冷却時の損

失を評価した。その結果 1.2 dB の損失が生じることがわかった。この損失はミリ波帯で使

用されているような長さ 30 mm の導波管を持つモジュラータイプの導波管カプラを使用

した場合，30 ％程度雑音温度が上昇してしまう。したがって，10 dB カプラをミキサブロ

ックに一体化することでフランジでのミスマッチを避け，導波管をできるだけ短くするこ

とにより低損失化を図った。第 5 章で開発した SIS ミキサを実装して雑音温度を測定した

結果，ALMA band 10 の仕様を満たす結果を始めて実証した。 

第 8 章では本研究で得られた主要な成果と今後の展開をまとめた。 
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図 4  2 K における受信機雑音温度。測定には真空窓と

して 500 m のテフロンとビームスプリッタとして 8.5 

m のポリイミドフィルムを用いた. 

 


