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Chapter 1

Introduction

1.1 General radio-telescope receivers

The radio-telescope receivers have been used for ground-based astronomical and
atmospheric observations at millimeter and submillimeter wavelengths. The wavelength
band of interest is mainly determined by the atteﬁuating nature of the earth's atmosphere
as shown in Fig. 1.1 [1]. The power level of the signal is so small, of the order of 10
to 10% W, that the development of low-noise receivers is greatly important. At
wavelengths longer than 3 mm receivers using cooled low-noise preamplifier such as
high-electron-mobility transistor (HEMT) are generally used [2-4], while at shorter
wavelengths two types of receivers offer the best performance. One is incoherent or
direct receivers such as bolometer, which determine only the intensity of the observed
source, and the other is coherent receivers, namely heterodyne receivers such as
Schottky barrier diode [5, 6] and SIS (superconductor-insulator-superconductor)
receivers [7, 8], which determine both the intensity and the phase of the observed
source.

Direct detector is a process in which a photon either raises the temperature of a
bolometer element or causes an electron current to flow in a photoconductor. This is a
power detection process in which the fundamental noise limiting the sensitivity is the
noise in the signal: Since the detector does not actually follow the applied ac power,

frequency selectivity is obtained by placing a filter in front of the detector such as in a

Fabry-Perot interferometer system. The system resolution and frequency band are




governed by the input-filter.

Most millimeter and submillimeter-wave receivers used in radio astronomy employ
the heterodyne technique because the signal frequencies are too high to be manipulated.
The input signal radiation at frequency ws from the telescope is coupled into the mixer
through a feed horn or quasioptical antenna. The mixer combines the signal with local
oscillator radiation at frequency wyo to produce a beat at the intermediate frequency (IF)
wWiF = st wro]- The IF output is then amplified and fed to some sort of spectrometer to
reproduce and display the spectrum of the input signal. This process is schematically
depicted in Fig. 1.2 in which radiation in a band at 100 GHz * 1.5 GHz is
downconverted into the same IF band (wyr), the receiver is operated in double sideband
(DSB) mode, as opposed to signal sideband (SSB) mode, where the image frequency
(awy) is filtered out.

The sensitivity or the minimum detectable signal AT,,;, for both types of receivers
are governed by radiometer equation [9]

T,
AT, =—2—, (1.1)

min ’A'V -

where T, is the system noise temperature, Av and T represent the predetection

bandwidth and postdetection integration time, respectively. It is found from equation
(1.1) that the improvement of sensitivity is to lower the system noise temperature as far
as the observation efficiency is concerned. The equivalent input noise temperature of
the heterodyne receiver system shown in Fig. 1.3 is characterized by the following
expression if high-gain IF- and post-amplifiers are employed:

in" mix in~mix

where T;, and L;, are the noise temperature and loss of the RF input system, and T, and



L, are the noise temperature and conversion loss of the mixer element, respectively,
and Tjr is the noise temperature of the IF-chain. From this expression, it is obvious that
the mixer in a low-noise receiver should have intrinsically low noise and high

conversion efficiency.

1.2 Brief review of SIS mixers

Three types of heterodyne mixer elements have been used at millimeter and
submillimeter wavelengths; Schottky diodes, SIS tunnel junctions, and recently
developed hot-electron bolometer mixers [7]. The typical DSB receiver noise
temperature as a function of LO frequency is summarized in Fig. 1.4. In this figure, the
solid straight line represents the quantum limited noise temperature of Av/k, where h is
Plank's constant, v is frequency, and k is Boltzmann's constant. From this figure, it is
found that SIS mixers are the most sensitive detectors at the millimeter and
submillimeter wavelengths (at frequencies below the superconducting gap frequency).
The theoretical treatment of SIS mixers was established by J.R. Tucker in 1979, and it
was predicted that the SIS mixers have the possibilities of the quantum limited noise
and mixer conversion gain [10].

SIS junction consists of two superconducting layers separated by an insulator with
a few atomic-layer thickness of a few atoms thick, through which a current can flow via
quantum mechanical tunneling of electrons. The advantage of the SIS mixer is firstly
the extremely strong nonlinearity of the dc current-voltage (I-V) characteristic
compared with that of other nonlinear devices such as Schttoky diode. The width of the

dc nonlinearity is small compared with the photon energy hv/e of the signal, where e is

the electron charge. Such a strong nonlinearity provides a mixing element capable for




conversion gain (i.e. L, < 1) and low noise temperature. Secondly, the bias voltage in
the operation is small, of the order of a few millivolts, while in the Schottky diode it is
the order of several tens millivolts. Thirdly, the LO power required for the SIS mixer is
much smaller than for Schottky diodes, enabling compact lightweight LO supplies for
space applications.

The I-V characteristics of an SIS junction can be explained by the simplified
energy-band diagram shown in Fig. 1.4. The superconductors on both sides of the tunnel
barrier are in their ground states at T = 0 K, and there is an energy gap 2A for each
electrode required in order to break up a Cooper pair to produce two quasiparticle
excitations. Therefore no current can flow until the voltage is large enough for the
quasiparticles to overcome the gap. At this gap voltage V, = 2A/e, the infinite densities
of states are arisen, causing a steep current rise. The superconductor commonly used is
niobium (Nb), with a superconducting transition temperature of 9.2 K. The gap voltage
of Nb at 4.2 K is about 2.8 mV.

In the presence of a radiation field, the absorption of incoming photon can provide
enough energy for the quasiparticle tunneling. Then the current steps can occur below
the gap voltage shown in Fig. 1.5. This phenomenon, which is called "photon-assisted
tunneling", suggests that the SIS junctions can be employed as the direct detectors.

The upper frequency limit of SIS mixers is characterized by the gap energy 2A. In
theory [11], an SIS junction operates as a heterodyne detector as far as it is no longer
nonlinear with respect to the radiation. When the voltage modulation produced by the
impinging signal is larger than the voltage nonlinearity of the SIS junction, the junction

stops mixing. Since the I-V curve of an SIS junction is symmetric, the effective width of

the nonlinearity is 4A. In the niobium junction, the frequency limit as a mixer is 1.4 THz,




twice the gap frequency of Nb.

Superconductors are used as microstrip material to guide the signal towards the
junction. Although SIS junctions are possible to mix the signal up to twice the gap
frequency, other frequency limit exists in the superconducting microstrip in the mixer.
SIS junctions have large geometrical capacitance. This capacitance tends to shunt the
incoming high frequency signal. To overcome this problem, the inductive component
using microstrips is added to the junction to resonate out the capacitance at a frequency
where the resulting impedance of junction is simply the junction resistance. The
analogous electronic circuit is a resonant RLC circuit, which has a certain bandwidth
around a center frequency. In principle, the superconducting microstrip is extremely
low-loss below the gap frequency. Above the gap frequency, however, the RF losses
increase significantly because of the onset of pair-breaking [12]. In mixers based on Nb,
the upper frequency limit of the microstrip is the gap frequency of 700 GHz.

From the above discussion, SIS mixers using Nb junctions can be used as the
excellent mixer up to 700 GHz and can maximally operate as the mixer to 1.4 THz
while replacing wiring Nb films with films of smaller surface resistance (e.g. Al and
Au) [13]. Niobium-nitride (NbN) tunnel junctions appear a good candidate beyond 700
GHz, as the gap frequency is around 1.4 THz and high-quality NbN junctions can be
fabricated [14], yet the performance of SIS mixers using NbN junctions is not
competitive and appear to degrade rapidly with frequency, possibly due to film losses

[15, 16].

1.3 Importance of broadband SIS mixers

To obtain information on the variety and abundance of gases present in galaxies or




the atmosphere, a spectrum measurement of the incoming signal is required. Most
objects in the universe have a strong angular momentum, causing gases, €.g. in outer
rings of newly forming stars, to have a large difference in velocity upon movement
towards or away from the observer. This causes Doppler shifts in the frequency, like the
well known "red-shift" caused by the expansion of the universe. For this reason,
rotational lines can be broadened. Since the spectral shape provides information on the
velocities with which the object is moving, the entire line shape which can be broadened
with several GHz must be measured in a single scan. This poses a lower limit to the
bandwidth of receivers when used for astrophysical observations.

An atmospheric window exists in the frequency range from 190 to 300 GHz as
shown in Fig. 1.1. There are many interesting spectral lines in both astronomical and
atmospheric observations in the region. For example, CS (J = 4-3) emission at 195.9
GHz, CO (J = 2-1) emission at 230.5 GHz, HCN emission at 265.9 GHz and CS (J=6-5)
emission at 293.9 GHz in the astronomical observation, and O; emissions at 235.7 GHz
and 276.9 GHz, CIO emissions at 204.3 GHz and 278.6 GHz, and HNO; emission at
269.1 GHz in the atmospheric observation. Usually, two receivers have been used for
the complete observation in the region, for example in the case of ozone observation
project in Communications Research Laboratory (CRL), a receiver can operate at
190-237 GHz, other one can operate at 242-290 GHz [17]. Broadbanding the receiver so
as to operate at 190-300 GHz may be brought a great improvement of the observation
efficiency and the reduction of cost in constructing the observation system. The
broadband SIS receivers are also greatly helpful in the complex systems such as the
radio interferometers and multi-beam receivers.

In SIS mixers integrated tuning circuit, the bandwidth is determined by the wR,C;




product, which strongly depends on the critical current density of an SIS junction. Here
w, R,, and C; represent the angular frequency of signal, normal-state resistance and
geometrical capacitance of an SIS junction, respectively. The broader bandwidth can
achieve in the smaller wR,C; product, which means the higher critical current density.
Note that the I-V characteristics for Nb-based SIS junctions show poor tunneling
performance (i.e. increased subgap leakage current) at current densities above 10
kA/cm?, resﬁlting poor noise performance of SIS mixers. Since the required critical
current density becomes larger as the signal frequency is higher, the development of the

broadband SIS mixers makes very difficult at the submillimeter wavelength.

1.4 Survey of this work

The purpose of this work was to develop broadband SIS mixers using Nb/AlIOx/Nb
tunnel junctions. Especially, the development of broadband SIS mixers with lower
critical current densities of a junction compared with the conventional SIS mixers. In
order to achieve the purpose, SIS mixers with inhomogeneous distributed junction
arrays, which are new tuning method for canceling out the geometrical capacitance of a
junction, were proposed in this work. Based on this new type of tuning circuit, a
millimeter-wave band SIS mixer was designed, fabricated, and evaluated. It is found
that extremely broadband operation can be achieved by this type of SIS mixer. I believe
that these results make an important contribution to radio astronomy and atmospheric
observation.

This thesis comprises seven chapters. Chapter 2 describes the fundamental theory
on which the thesis is largely based. Firstly, the mechanism of photon-assisted tunneling

is presented using the simplified energy-band diagram. Then Tucker's quantum theory




of mixing is summarized in the large-signal, small-signal, and noise analyses. Lastly, the
general knowledge of superconducting microstrips is presented for designing the tuning
circuits.

Chapter 3 describes the properties of various fixed tuned SIS mixers reported up to
now. Firstly, the general properties of the tuning circuits using the parallel inductance,
end-load, and two-junction are represented and then the relation between the tuning
bandwidth and the critical current density of a junction is discussed. It introduces SIS
mixers with distributed junction arrays, in which the critical current density can be
lowered compared with those of conventional single-junction SIS mixers in order to
achieve the reasonable bandwidth, and modifies the Tucker's quantum theory of mixing
for the distributed junction array. Lastly, the theoretical calculations of mixing
properties for distributed junction array are carried out and the advantage and
disadvantage of distributed junction arrays are clarified.

Chapter 4 describes the design and properties of a 190-300 GHz band waveguide
SIS mixer with an inhomogeneous distributed junction array using Nb/AlOx/Nb tunnel
junctions. Firstly, to overcome the disadvantage of conventional distributed junction
arrays clarified in Chapter 3, SIS mixers with inhomogeneous distributed junction
arrays are newly proposed, and the design method is presented. Then the theoretical
mixing properties are discussed in detail. It is shownAthat the large noise increase, which
always occurs at certain frequencies in the conventional distributed junction array, can
be reduced in the inhomogeneous distributed junction array. Lastly, the waveguide SIS
mixer-chip layout for the inhomogeneous distributed junction array is described.

Chapter 5 describes the fabrication and properties of Nb/AlOx/Nb tunnel junctions.

Firstly, the fabrication process is explained and the dc I-V characteristic of the junction



is presented.

Chapter 6 describes the experimental results of the 110-180 GHz and 190-300 GHz
bands SIS mixers with the inhomogeneous distributed junction arrays. Firstly, the mixer
layout and measurement set-up of the 110-180 GHz SIS mixer‘ are described. Detailed
measurements of the receiver noise temperature are made in the frequency range from
100 to 146 GHz. Comparing the conventional SIS mixer with two-junction, the
broadband operation of the inhomogeneous distributed junction array is demonstrated in
the heterodyne measurement. In the 190-300 GHz band SIS mixer, the performance is
evaluated using both of the Fourier transform spectroscopy (FIS) and heterodyne
measurements. In the FTS measurement, the bandwidth performance of the
inhomogeneous distributed junction array is compared with that of a conventional
distributed junction array. The receiver noise temperature is measured in the frequency
range from 190 to 284 GHz. The mixing properties are analyzed quantitatively by
breaking down the receiver noise temperature into the contributions due to input noise,
mixer noise, and IF-chain noise. An uncorrected DSB receiver noise temperature of
Shv/k was obtained in the frequency range from 205 to 284 GHz. |

Chapter 7 concludes the present work described in this work.
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Chapter 11

Fundamental theory of SIS mixers

2.1 Photon-assisted tunneling

Photon-assisted tunneling was discovered experimentally by Dayem and Martin in
1962, and explaincd quantitatively by Tien and Gordon in 1963. In an ideal SIS junction
at T = 0 K, a quasiparticle can not flow through the tunneling barrier to the bias voltages
below the gap voltage of 2A/e. When electromagnetic waves irradiate the SIS junction,
however, the quasiparticle produced by the broken Cooper pair can passes through the
tunneling barrier by absorbing the photon energy, even if the bias voltages are below the
gap voltage. As a result, quasiparticle steps appear below and above the gap voltage
with a space of %w/e, as shown in Fig. 1.4(b).

Let us consider the presence of a high frequency signal represented by a time
dependent voltage applied an SIS junction in addition to a dc bias;

V=V, +V, coswt 21)

This applied voltage will be assumed to modulate adiabatically the potential energy for
each quasiparticle level on the ungrounded side of the barrier. The time dependence of

the wave function for one electron state can be expressed by the following equation,
i 1] 14
w0 =v el fale, +ev o)l

(Ei +eV0)‘j| i Jn (ﬂ)e-—inwt
7] how

n=-x

.2)
=w,-<r>exp[-i

where E; is the unperturbed energy of the Bloch state and J, is the n-th order Bessel

function (of the first kind). The wave function for one side of superconductor is the sum

of the energies such as E,FE +hw,E + 2hw,---, in the opposite side of superconductor.
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The dc tunneling current can be given using the conventional tunneling theory;

i eV, nho
I, (Vo V) = E Jrf(%)ldc (Vo + 7) (2.3)

1,:(Vo) represents the unmodulated dc I-V characteristic and can express by

G, |E" - eV E’

e lev, -E'y -2} |2 - o

1,07 = P [F(E" -evy)-FEDRE, (24

where G, is the normal-state tunneling conductance, and f(E) is the Fermi-Dirac

(distribution) function at the ambient temperature 7:

1

E/KT *

f(E)= l+e

2.5)
As shown in (2.3), in the presence of RF power, the magnitude of the n-th
photon-assisted tunneling step is determined through J? (ve /hw) and the

quasiparticle steps appear at voltage displacements corresponding to integral multiples

of hw/e. Using this quantum effect, we can detect electromagnetic waves sensitively.

2.2 Quantum theory of mixing

In 1979, Tucker developed a quantum theory of mixing based upon the
microscopic quantum physics in order to predict the high-frequency behavior of
nonlinear quasiparticle tunneling SIS junction as heterodyne mixers [3]. Fundamental
theory for classical mixers was studied in depth by Torrey and Whitmer [4], Uhlir [5],
Saleh [6], and Held and Kerr [7]. Although the physical mechanism and the actual
behavior for the mixer are distinct between a semiconductor diode and an SIS junction
as classical versus quantum mixing, their performance can be analyzed using the same

strategy. In the first step, a large-signal analysis is carried out to solve self-consistently
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for the large-amplitude LO waveform impressed the SIS junction. Then, a small-signal
analysis is carried out to derive the admittance matrix, in which the conversion for the
power between the mixing frequencies can be characterized, and the noise temperature
of the SIS mixer is finally evaluated by a noise analysis. The essential results of the

quantum theory of mixing are summarized in this section.

2.2.1 Large-signal analysis
The expectation value for the average quasiparticle current flowing through the

tunnel barrier may be written in the form
(I@)) = hnﬁmwdw'dw"W(w')W*(w”)j(VO + hw'/e)e"'(“""“’”)r , (2.6)
where j(V) is the complex response function introduced by Werthamer [8]. Here the

effect of a time-dependent potential }{(z) across the junction is expressed in terms of the

Fourier transform of the phase factor

j: o; do'W(n')e " = exp{— %_le— f dt'[V(t -V, ]} . 2.7
When the time-dependent voltage across the tunnel barrier will be of the form

V(t) =V, +V, coswt, 2.8)

the additional phase factor of (2.7) then becomes

W(') = iJn (V1o /1) (0 - nw). (2.9)

n=—00

The induced tunneling current is obtained by substituting (2.9) into (2.6):

Lo® =Tm 37, (@)™ ¥, + nhwo]e), (2.10)

nm=-x

where the amplitude of the LO waveform is contained in the argument of the Bessel

functions:
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a=eV,,/ho. (2.11)
The current in the junction can be defined in terms of a complex current amplitude I7),.
With the assumption that the higher harmonics of the LO are short circuited, the actual
current in the junction is Re(],‘j’oei“” ) The expressions for the current through the
junction is given by:

w 1 ¥ &id
Ito =1I1p+il1p

Iip = STa@V s @)+ @V o Vg + no/e) @12)
Lo = S,@ 0@ =T a@V i ¥y + nico/e)

1;(V) is the dc I-V curve directly measured and is expressed by
L (V) =1mj(V). (2.13)
Ikxk(V) is the reactive part of the tunneling current and is via a Kramers-Kronig

transform connected to I;(V):

» dV' 1, (V)-V'/R,

Iac() = Re j() = P "t

: (2.14)

where R, is the normal-state resistance.

The equivalent circuit for the mixer at the LO frequency w is illustrated in Fig. 2.1.
The LO source is represented by a current generator Jip and an effective source
admittance Y, = G,, + iB,, determined by the input circuit such as the waveguide and the
mounting structure. The susceptance B, includes a contribution wC; due to the
geometrical capacitance of the junction. The circuit equation in Fig. 2.1 may be written

in the form

The available power of the LO incident on the mixer is given by:
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Vol

P =
8G, (2.16)
1

= —a“[(l 10 *GuV10 )2 + (I 1o *BuVio )2]

(o]

The goal of the large-signal analysis is to determine the amplitude Vip of the LO
waveform across the junction in terms of the incident power Pro and the effective
source admittance Y, by an iterative solution to (2.12) and (2.16) using the

measurement of a scale model for the mixer or a full large-signal analysis.

2.2.2 Small-signal analysis

The small-signal mixing properties of the SIS junction may be calculated once the
amplitude of the LO waveform has been determined. The task at this section is to
generate an admittance conversion matrix.

A mixer is sensitive to many frequencies as well as those at which it is designed to
operate. Assuming an applied LO frequency w and the output frequency, which is the
intermediate frequency (IF), at @y, we can express all sideband frequencies of the
current across the junction as

W, =mo+w,, 2.17)
where m = 0, +1, #2,... and is any integer. Note that @, = w + ay is equal to a signal
frequency ws, and that w1 = @ + ay is the image frequency.

The equivalent circuit for a mixer is schematically illustrated in Fig. 2.2, which
shows a mixer port with a termination impedance expressed here for convenience as an
admittance Y,,. The incoming signal at frequency ws is represented by Is with source
admittance Y; = Y§, and the problem of interest is the conversion of power to the output

frequency wy and its delivery into the load Yy = Y;.
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The sideband voltages and currents across the junction may be represented in the form:

Vge = Re EV,,, exp(iw,,t) (2.18)
igc = Re Eim exp(iw,,t) ‘ (2.19)

These current and voltage components are linearly related for small signals via an

admittance matrix

i = Eymm,vm, , (2.20)

where

Y, =G, +iB (2.21)

The elements of this matrix are determined by the large-signal solution, and depend on
the strength of LO power and the DC I-V characteristic of the junction.

The total voltage and current across the junction may be written in the form:

Ve)=Vo +Vio () +vge(t)

2.22
<I(t)>=ILO(t)+iSIG(t) (222)

Inclusion of vge(f) in the applied voltage in (2.7) requires additional terms in the
time-dependent phase factor. While retaining only those terms to first order in the

sideband voltage components v,,, the new Werthamer phase factor is found such that:

W(w') = i J, (a){é(w’ —nw)+ 2 thu

N=-00

[v;,fﬁ(w' —nw-w,)-v,80 -nw+ao, )]}

'

(2.23)
Inserting this result into (2.6) for the quasiparticle tunneling current, and again retaining
only terms linear in the sideband voltages v,,, we find the admittance matrix elements

that give the signal currents i,, in (2.20) to be
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Gmm' = ZhZ)mr ,,’,Z_i” (a)‘]n' (a)am—m',n'-n {[Idc (VO + n’hw/e + hwm' /e)— Idc (VO + n,hw/e)]
+ [IdC (VO + nhw/e)—- 1.V, + nho/e - hwmr/e)]} (2.24)
Bmm' = ° i‘]n (a)‘]n'(a)am-m' n'—n {[IKK (VO +n’hw/e+hwm'/e)_1KK (VO +nlhw/e)]
2hw,, o ’
+[IKK (Vy + nhw/e) 1 Vo +nhwfe - ho,, /e)]}. (2.25)

Apparently Y,,, is seen to have real and imaginary parts, which depend on the reduced
LO voltage a and dc I-V characteristic. The imaginary part, which is called "quantum
susceptance”, arises from the effects due to absorption or emission of particular
numbers of photons during the tunneling process. In the classical limit, the imaginary
part of Y,,, given by (2.25) vanishes and Y, is reduced to only the real part [9].

Once the elements of the admittance matrix Y, relating the small-signal voltages
and currents at the various sideband frequencies have been determined, the analysis of
mixer performance is straightforward. An arbitrary set of current generators {J,,} placed
at each sideband w, of the mixer will produce small-signal current and voltage

components across the SIS junction satisfying

I =1y +Y,v,

= Z Y, +Y, 8, V.. (2.26)

m

Inverting these equations, we can obtain the signal voltages produced by this arbitrary

set of current generators as

vm = zzmm"]m’ ) (2.27)
m
where, in matrix notation,

|Z | = Wi + Y| (2.28)

Now, Y1 =Ys, J1 =Js, Jm =0 (m 0), Yo =Y, are assumed in Fig. 2.2. Y5 and Y} are the
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load admittance for the signal and for the output, respectively. Since the output voltage

can be written in the form

Vo= > Zowdm = ZorJ s, (2.29)

the power down-converted and delivered in the output load (i.e., intermediate frequency
output Py = Pyp) can be given by

1 1
P =‘2°GLIV012 =‘2“GL|201|2|JS|2- , (2.30)

The available power for the signal at the input is

2
P Vs
6 = . (2.31)
8G
The conversion loss then becomes
P,
R 1 (2.32)

Pp 4G4G,|Zo|*

In these expressions, Gs and G, represent the real parts of the source and load

admittances Yy and Y7, respectively.

2.2.3 Noise analysis

The major noise sources in SIS mixers are the shot noise arising from the
fluctuations of the LO current through the tunnel junction and the thermal noise
generated by dissipative terminations at sideband frequency ports. The quantum
fluctuations of the input signal, regard as the quantum limit of the detection, is
commonly ignored in the noise analysis. While both types of noises are equalized as
small-signal current sources connected in parallel with the junction, as illustrated in Fig.

2.3, the noise analysis can be carried out just as the small-signal analysis described
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above.

The shot noise due to LO current tunneling through the barrier may be represented

by a noise generator [I -1 (t)>] placed in parallel with an idealized "noiseless”

mixer, where I(t) is the current operator for the junction. Although the large-signal

tunneling current /(¢) is made up of components at the various harmonic frequencies of
the LO signal, fluctuations over the average current (I (t)> =1,,(t), which is given by

(2.10), are random processes and its spectral density is therefore a continuum. The
shot-noise current components at the sideband frequencies are converted into the IF
output of the mixer. Tucker derived the shot-noise correlation matrix of LO-pumped
tunnel junctions for the quantum theory of mixing. The matrix elements are given by

Hi = (Tl ) = S0V (@B

. {coth[ﬁ (eVy +n'nw + ko, ) 2] .V, +n'ho)e + ha,, [e) (2.33)
coth[B (eV, +nhw - hw,, )/ 2) 1.V, + nhow/e - ho,, /e)},

where B is designated as 1/kT.
Regarding the thermal noise in SIS mixers, its mechanism and behavior are exactly
the same as in classical mixers. The thermal-noise correlation matrix is diagonal and has

elements as follows:

4hw,, AfG, ,
. —_— m=m
H}p = (L) = {exp(Bho,, ) -1 (2.34)
0 m m’
The total noise-correlation matrix can be written by
H, =H, +H.. (2.35)

A detectable signal noise power is derived by considering the expectation value for

the square of the LO noise current within the output bandwidth [9]:
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Py, =kT,,B=————NZo ZowH (2.36)
det 4GS|Z01]2 mzm 0m%0

where T, is the total mixer noise temperature, which represents the thermal noise
generated by dissipative elements and the shot noise generated by the combination of dc

bias voltage and the 1.O waveform impressed across the junction.

2.3 Superconducting microstrip transmission line

At RF and microwave frequencies, normal metal circuits such as coaxial lines,
hollow waveguides and microstrip transmission line, are widely used in consumer and
industrial electronics. These have sufficiently low losses to be generally acceptable for
use in systems operated at ambient temperature (e.g., 300 K). There are, however,
important applications in terrestrial and space communication systems and ultra-low
noise receivers, where exceptionally high performance is required. The attenuation and
dispersion are the main factors limiting the technical achievement of normal metal
circuits.

Superconducting microstrip transmission lines have extremely low conduction-loss
characteristics below the gap frequency (f; = 2A/h). The reduction in loss is
accompanied by lower heat production and greater transmission efficiency. The benefits
for signal transmission include reduced signal attenuation and noise, and lower signal
dispersion [10].

Figure 2.4 illustrates the geometry of a general microstrip transmission line and the
equivalent circuit of a section of the line of differential length dz, which is made up of a
distributed series impedance Z per unit length and a distributed shunt admittance Y per

unit length. In practice, Z and Y can be expressed as
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Z=R+jwL,Y=G+ juC, (2.37)
where R, G, L, and C are the distributed constants.
The propagation of a sinusoidal voltage V(x,a))exp(iwt) on a transmission line is

governed by the differential equation

2
‘;CZ -y, (2.38)

where y is the propagation constant and is generally defined by
y=a+jp. (239
The real part a in (2.39) is the attenuation constant and the imaginary part  is the phase

constant. The characteristic impedance and the propagation constant line are given by

YA
Z, = ? (2.40.1)
and
y =~+ZY . (2.40.2)

Given Z and Y, the transmission line, the propagation properties of transmission line can
be completely characterized by Zo and 7.

In analyzing the superconducting microstrip line a lossless dielectric is assumed.
Then the shunt admittance Y reduces to the capacitive component of a unit length of line

and is given by

gggW
s

Y=iw

KW,s,d,), | (2.41)

where ¢ is the relative dielectric constant and & is the permittivity of free space. The

series impedance is given by

Zsl +Zs2 +iw MO
WKW,s,d,)  WKW,s,d,)

(2.42)

where Ly is the permeability of free space, and Z;; and Z, are the surface impedances of
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the strip and groundplane. K(W,s,d) represents the fringe field factor introduced by
Chang and K(W,s,d) approaches to unity when the aspect ratio W/s [11]. The first
term of (2.42) accounts for fields penetrating into the conductors and the second term is
the inductance associated with magnetic fields in the dielectric region.

The surface impedance Z; is given by [12]

. Y2
Z, ()= (lw:o ) coth[(iw UoO )l/zd ], (2.43)

where 0 = 01 io is the complex conductivity. The complex conductivity can be
calculated using the microscopic theory of superconductivity including the effects of the
energy gap. This was extended from the BCS weak-coupling theory by Mattis and

Bardeen to derive expression as follows [13]:

f “If(E)- f(E + o) ]g(E)dE+-— f [1-2f(E + ho)R(EME (2.44)

On

o, 1 [1-2£(E +10)] IE2+A2+hwE|

Z_%ﬁ'hw"A (0 -2 V2|E + ho ) - 42}

(2.45)

where g, is the normal-state conductivity, f(E) is the Fermi-Dirac (distribution) function

expressed by (2.5), and

2 2

e a2 )| rnof - a2 )
The first integral in (2.44) represents the effect of the thermally excited quasiparticles,
and the second integral in (2.44) accounts for the contribution of photon-excited
quasiparticles and is zero for @ < 2A. Equation (2.46) describes the "kinetic
inductance" of the surface caused by the response of the Cooper pairs and its lower limit

istakenas Aif w<?2A.
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Figure 2.1 Large-signal equivalent circuit for a SIS mixer. The LO is applied at
frequency w. All higher harmonics of LO are assumed to be short circuited.
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Figure 2.2 Multiport representation of a general fundamental mixer, with applied LO

frequency w, signal frequency ws = w;, and IF output at wy.
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Figure 2.3 Noise equivalent circuit of a general mixer, with a shot-noise and
thermal-noise current sources connected in parallel at the m-th port (the same form at
other ports). Notice that the thermal-noise components at the input and output ports
should be excluded while these two ports look at rather than noises but useful signals.
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Figure 2.4 (a) Geometry of a microstrip line. (b) General transmission-line equivalent

circuit in differential length dz.
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Chapter I11

Historical view of SIS mixers

3.1 SIS junction and tuning circuit

In general, an SIS junction has large geometrical capacitance since it consists of
two superconducting layers separated by a thin insulating layer with relatively high
diclectric constant. Electronically the junction is represented by a normal-state
resistance R, with a geometrical capacitance C; in parallel, as shown in Fig. 3.1. High
frequency signals fed to the junction would be short-circuited by the capacitance. To
achieve waveguide-type SIS mixers with high sensitivity performance, the capacitance
must be removed by adding an appropriate tuning circuit. Traditionally, mechanical
tuning circuit with a backshort and a stub-tuner is used. By this tuning system extremely
broadband operation has been achieved [1]. For real receivers, however, mechanically
tuned mixers are inconvenient to operation and their performance will be degraded after
a period of operation. Such problems will be much more pronounced in
submillimeter-wave SIS mixers and complex systems such as interferometer arrays and
multibeam receivers [2]. Hence it is highly desirable to develop SIS mixers with

tuneless or fixed tuned SIS mixers [3].

3.2 Various integrated tuning circuits for SIS mixers
In tuneless or fixed tuned waveguide-type SIS receivers, tuning circuits integrated
on SIS mixer chip are necessary to resonate out the geometrical capacitance and to

match the impedance of the junction to that of the input waveguide, in which the height
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is reduced in order to lower the impedance. Almost all of the circuit so far proposed for
tuning out the capacitance fall into three broad categories as shown in Fig. 3.2.

The first category is a circuit in which a tuning inductance in series with a
dc-blocking capacitor Cj, is located in parallel with the SIS junction, as shown in Fig.
3.2(a) [4]. The input impedance at the resonance becomes R, (usually several tens
ohms), which is relatively easy to match the impedance of the input waveguide,
compared with the other categories. The blocking capacitance can be implemented by a
quarter-wavelength radial or open stub. However, in order to avoid reducing the
bandwidth, the RF impedance of this blocking capacitor must be kept small, Zy(w) <<
1/wC;j, namely, the blocking capacitance must be made large in comparison to the
junction geometrical capacitance C; in order to achieve the maximum bandwidth for the
tuning circuit. This constraint will make a difficulty to satisfy in practice for
submillimeter wavelengths.

The second category is shown in Fig. 3.2(b), in which a series inductance is used
[5]. This is commonly referred to as an "end-loaded" stub. The difficulty presented by
-this circuit is that it also acts as an impedance transformer, producing a real impedance
on the order of R,,/(caR,,C,-)2 [6]. The input impedance of the circuit becomes quite low
when the wR,C; is large. A multisection quarter-wavelength transformer is then needed
to match this quite low impedance to the input-waveguide impedance. The transformer
will reduce the bandwidth and make the circuit more susceptible to losses, especially at
submillimeter wavelengths for which a larger transformation factor will be needed.

The third category incorporates two SIS junctions separated by a tuning inductance,
as shown in Fig. 3.2(c), and is called a "parallel connected twin junctions (PCTJ)" [7, 8]

or a "two-junction tuning circuit" [6], [9, 10]. The PCTJ circuit does not need a
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dc-blocking capacitor. The input impedance at resonance is just equal to half of the
normal-state resistance, R,/2, which is relatively easy to match to the input waveguide.
The circuit has a tuning inductance twice of that in magnitude in Fig. 3.2(a). A larger

inductance produces merit concerning fabrication tolerance.

3.3 Bandwidth characteristics of SIS mixers

Bandwidth characteristics of tuning circuits (parallel inductor, end-load, and PCTJ)
described in previous section roughly defined by 1/wR.C; (= Aw/ax), which is
approximately equal to the Q-factor for those tuning circuits. The wR,C; product is
actually independent of the dimension of a junction and depends only upon the
thickness of the tunnel barrier, namely, the junction critical current density. The relation

between wR,C; product and critical current density J. is represented by

IC Rﬂ

J, =wC; ,
wR,C;

(3.1)

where C; is the specific capacitance of an SIS junction and is assumed to be 90 fF/ pm?
throughout this thesis [11]. The I.R, product is 2.0 mV in high-quality Nb/AlOx/Nb
tunnel junctions. Figure 3.3 shows the relation between the relative bandwidth AB and
the critical current density. To achieve SIS mixers with broader bandwidths, higher
critical current densities, which are namely smaller wR,C; products, are required. The
critical current density, in addition, must be increased to keep a constant bandwidth as
the signal frequency becomes high. Since normal-state resistances are smaller as critical
current densities are increased, junctions with smaller dimensions are required. This
brings a difficulty in the junction fabrication. Unfortunately, it is usually difficult to

fabricate SIS junctions with high critical current densities, for example, 10 kA/cm? for

37




Nb junctions, and the high critical current density may cause various disadvantages,
such as large sub-gap leakage current, increase of sub-harmonic gap structure and a
reduction of the yields of junctions in the fabrication [12]. The problem on critical
current density will become more remarkable as the signal frequencies increase.

The noise temperature of some of recently developed broadband SIS receivers in
the 200 GHz band are plotted as a function of frequency in Fig. 3.4 [1], [13]. It can be
seen that the bandwidth corresponded to Fig. 3.3 has been obtained. The SIS mixer with
series array is less dependent on the critical current density, but a complicated RF

matching network has been added with the SIS junctions [13].

3.4 SIS mixers with distributed junction arrays

Two different types of broadband SIS mixers having junctions with low critical
current density have been proposed. One is an SIS mixer made of a nonlinear thin-film
transmission line proposed by Tong [14, 15]. It has been shown that the required critical
current density of this type of SIS mixer to achieve a reasonable bandwidth can be
lowered in contrast with the conventional SIS mixers as shown in Fig. 3.2. The receiver
noise temperature is frequency independent over a broad bandwidth. However, this type
of SIS mixer has a very small line width (~ 0.1 um) and requires the use of
electron-beam lithography for junction fabrication.

The other type of mixer is SIS mixers with distributed junction arrays proposed by
Shi [16, 17]. The distributed junction array consists of a number of junctions with
identical dimensions homogeneously placed on a superconducting microstrip, as shown
in Fig. 3.5. This type of SIS mixer is possible to fabricate the junction using the

conventional optical lithography technique and can overcome the difficulty of
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fabrication of the former. Since the distributed junction arrays are just the extension of
PCTIJs, the mixing properties can theoretically evaluate based on the analysis for PCTJ
[6]. In this section, the large- and small-signal analyses for distributed junction arrays

are summarized and the mixing properties are described.

3.4.1 Mixing theory for distributed junction arrays
3.4.1.1 Large-signal analysis

To understand the distribution of the LO voltage in a distributed junction array, it is
necessary to implement a large-signal analysis. The equivalent circuit of k-th SIS
junction for a distributed junction array with N-junctions is illustrated in Fig. 3.6, in
which the tuning superconducting microstrip between two junctions is represented by a

chain matrix [C]. This chain matrix is defined by

[c]=[C“ cu]:[ cosh(yl})  Z,sinh(yl) 52)

Cy Cyp Zo"lsinh(yl) cosh(yl) ’

where /, y and Z; are the length of the microstrip between every two junctions, the
propagation constant and characteristic impedance of the microstrip, respectively. The
LO voltage Vpk"1 applied to and the LO current I‘,,"'1 flowed out the port (k-1), can be
written by the following equations:

VAL 2 Cyy Y+ Cy 18 4 1% vioC V) .

I 2 Cyy V4 Cop [IE 4 1%, +inC V) '
where V},k and IP" denote the LO voltage and current at port k, respectively, and I; pk is
the LO current induced in the k-th junction given by (2.12). Apparently the LO voltage

V},k may be different from V,,k'1 in both magnitude and phase. Notice that there is a

boundary condition that ka is equal to zero at k = N (i.e., at last junction). The LO
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voltage developed to each junction can be calculated using (3.3), once the LO voltage

across the last junction is determined.

3.4.1.2 Small-signal analysis

The small-signal circuit of the k-th junction at m'-th sideband, including its
shot-noise current source and an equivalent one representing the shot noise due to all
the following junctions, is illustrated in Fig. 3.7. I, ,,,vk is the shot-noise current of 