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Abstract—The operation of a harmonic mixer based on a superconductor—insulator—superconductor tunnel
junction has been investigated. The dependence of the power of the intermediate-frequency signal on the
parameters of the input signals and on the tunnel-junction bias voltage has been determined and experimen-
tally measured. The theoretical and experimental data are in good qualitative and satisfactory quantitative

agreement.
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INTRODUCTION

The Institute of Radio Engineering and Electron-
ics, Russian Academy of Sciences, and the SRON
Netherlands Institute for Space Research jointly pro-
posed and developed a superconducting integrated
receiver (SIR) operating in a frequency range of 500 to
650 GHz [1, 2]. This receiver is designed for oblique
sounding of the Earth atmosphere from aboard a high-
altitude balloon (Terahertz Limb Sounder (TELIS)
project) [3]. The first test flight was successfully per-
formed in March 2009. The purpose of the flight was to
obtain information on the vertical distribution of the
concentration of various atmospheric gases (H,—'20,
HDO, CIO, O,, isotopes O;, HCI, and HOCI).

In the SIR, a microchip measuring 4 mm x 4 mm X
0.5 mm combines a low-noise mixer based on a super-
conductor—insulator—superconductor (SIS) tunnel
junction, a quasi-optical antenna; a superconducting
flux-flow oscillator (FFO), which acts as a local oscil-
lator and is based on the use of the magnetic-vortex
flux flow in a distributed Josephson tunnel junction;
and a second SIS harmonic mixer (HM), which is
used in the FFO phase-locking system (PLS).

Figure 1 shows a simplified block diagram of a SIR
with the FFO phase-locking system. The signal from
the FFO and the signal from the observed source
received by the antenna are multiplied in the SIS
mixer. As a result of the multiplication, the received
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Fig. 1. Simplified block diagram of the SIR.
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Fig. 2. Typical experimental dependence of the IF-signal power on the bias voltage and on the power of the reference synthesizer

(fFFO =21 GHZ, k= 24)

signal is shifted in frequency into a range of 4 to
8 GHz. It is next delivered first to a “cold” HEMT
(high-electron-mobility transistor) amplifier and then
to the amplifiers that are outside the cryostat. Part of
the FFO power is coupled into the SIS HM, where it
is mixed with the kth harmonic of a tunable reference
synthesizer (frequencies in a range of 18 to 23 GHz are
used). As a result, an intermediate-frequency (IF) sig-
nal with the frequency

Jir =% (fero — Kfsyntn)- (D

is produced, which is used in the PLS.

The PLS provides phase locking between the FFO
and the reference oscillator. This system is required for
improving the oscillator stability and oscillator spec-
tral characteristics, which determine the SIR spectral
characteristics [4].

In order for the PLS operation to be effective and
stable, the power of the HM output signal must be suf-
ficiently high. Such a signal is considerably greater
than the noise of the IF signal, which is determined by
the amplifiers and the HM itself, and provides high
signal-to-noise ratio. It was found experimentally that
the magnitude of the IF signal strongly varies as the
HM bias voltage is changed and that its dependence
on the power and frequency of the signals applied to
the HM is a complex one [3]. A typical dependence of
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IF-signal power P;r on HM bias voltage V,, and on
power of the reference synthesizer P, is shown in
Fig. 2. The change in color from light to dark corre-
sponds to an increase in P;g. Until recently, no theory
explaining the presented pattern was proposed.

Study [5] describes the use of the SIS junction as a
subharmonic mixer for a heterodyne receiver using
harmonics with small numbers (k = 2—5). In study [6],
the use of a SIS-junction HM employing harmonics
with numbers k > 30 in antenna-pattern measurement
is described. In the present study, dependences of the
power of the HM output signal on the bias voltage that
are measured at various power levels of the RF signal
are presented. This study is dedicated to the theoreti-
cal description and simulation of the operation of the
SIS-junction HM and to its experimental investiga-
tion aimed at validation of the theoretical results. This
investigation is necessary for the understanding of the
HM properties, for the efficient use of the HM in
cryogenic devices, and, in particular, for maximiza-
tion of the IF output signal.

1. THEORETICAL DESCRIPTION
OF THE SIS-JUNCTION HARMONIC MIXER

The main purpose of the HM calculation is to
determine the dependence of the IF output signal on
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the parameters of the applied signals and on the SIS-
junction bias voltage.

A detailed theoretical description of the operation
of the SIS junction under the action of RF signals is
given in [7—9]. However, simplifying assumptions that
the applied signals are small and that the junction
capacitance shunts the higher harmonics of the refer-
ence synthesizer are made in study [7]. In studies [8,
9], a procedure for describing the SIS junction is given
for a general case that the powers of the applied signals
may assume arbitrary values. The presented model is
the most complete one to date. With this model, the
self-consistent problem for the SIS junction placed in
the external circuit is solved and certain characteristics
of the SIS-junction HM are calculated [9].

The present study describes the HM on the basis of
a simplified and clearer theory, which is an extension
of study [10] to the case of several signals applied to the
tunnel junction. This theory ignores the effect of the
external circuit on the pumping of the SIS junction.
However, this model yields qualitatively true and
quantitatively satisfactory results that agree with the
results of study [9]. This fact indicates that the model
takes into account the main factors that determine the
generation of the HM output signal.

Let us consider a model of weakly-interacting qua-
siparticles without considering the spin effects caused
by the action of the electric field, which is similar to
the model presented in study [10].

The wave function of a quasiparticle with energy £
with no alternating electric field applied has the form
Y = f(x,y,7)exp(—iEt/h), where f(x,y,z) is a certain
coordinate function, / is the imaginary unit, ¢ is the
time, and 7 is the Planck constant. This wave function
is the eigenfunction of unexcited-system Hamiltonian

A o- When two periodic signals are applied to the elec-
trodes of the SIS junction, the junction voltage is

V. cos(mwt) + V,, cos(m,t), where m, and ®, are the
circular frequencies of the first and second signals,
respectively. In this case, the Hamiltonian of the sys-
tem of quasiparticles is written as

H = ﬁo + eV, cos(of) + eV, cos(m,t), where ﬁo is

the Hamiltonian an unexcited system, H is the
Hamiltonian of a system under the action of two har-
monic signals, and e is the electron charge. We will
seek the new wave function in the form

Y= f(x2)

x exp(~iEt/h) [Z B, exp(—inm,t)J

n

X [z C, exp(—immzt)}

m

where B, and C,, are unknown functions.
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Substitution of the wave function into the

Schr@odinger equation ih%—w =H v, gives the equa-
1

tions for B, and C,,:

1B, = ;—VI(B,,H +B, ).
(O]}

amC, = EV2(Cp i+ Cor).
how,

By solving these equations, we find

B, =[],
ho,

Co=1, (ﬁj
ho,

where J,(x) is the Bessel function of order .

Thus, the solution to the Schr@odinger equation is
the wave function

_ i Vi |5 [V
¥ = f(x)exp( zEt/h)(Z”:;Jn(hwlij(hwz]

(2
x exp[—i(no, + m(oz)t]j.

The energy levels of the quasiparticles are thus seen
to be split into the levels described by wave functions
Y, with energies E + nhiow, + mhw,; n,m =0,£1,+2...,
and, accordingly, with the level-occupation probabili-

ties that are proportional to J,, (%j J o (W—mzj
ho, ho,

The quasiparticle tunnel current occurs when qua-
siparticles pass from one SIS-junction electrode to the
other. When a DC voltage is applied, this current is
described by complex current-response function j(V),
which is calculated in study [11] and has the form
jWVy=il, (V) + Ik (V) (Fig. 3). Here, 1,.(V) is the
voltage—current characteristic (VCC) of the SIS junc-
tion and function Iy (V) is related to /4 (V) by the
Kramers-Kronig relationship.

Note that, in the calculation, function 74.(V) is
taken from the experimental data rather than from
computed results. Thus, all information on the gap
voltage and the current jump at the gap voltage is con-
tained in the HM VCC.

On absorption of a radiation quantum, the quasi-
particle increases its energy by #i®, which is equivalent
to application of voltage h(o/ e to the junction. In this
case, the tunnel current is determined by function
JjV + hm/ e). Since the quasiparticle can simulta-
neously absorb several photons with energies 7w, and
hw,, the total tunnel current can be found by summa-
tion of the current-response functions
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Fig. 3. Current-response function j(V') used in the calcu-
lation: (solid line) imaginary part and (dashed line) real
part.

o= [y e, @) with the probability of the
e e

quasiparticle tunneling taken into account. The prob-

ability of a transition of the quasiparticle that is in state

Y, into state W, is determined by matrix element
(¥ ¥ ), Where

|\an> = f(X) eXp(_iEt/h)

x| J, Vol J, ) exp[—i(nw, + mo,)t] |,

(¥ x| = g(x)exp(Et/h)

V V
x| J,| ey, | 2 explillo, + ko) |.
ho, hiw,
In order for the total junction current to be found,

it is necessary to sum such matrix elements over vari-
ousn,m, [, and k:

1V, =1mY > > > J () () () x(e)
n m | k
. . nhw,  mhw,
x exp[—i((n — o, + (m — k)m,)t] j{V + — + —=2|.
e e
Performing summation-index change

(n—1—>Il;m—k — k), we obtain the formula
IV, =1mY > 3" T, ) e (o)
n m | k
3)

X J o (02) exp[=illoo, + kan)r] j (V e, —mh(”?),
e e
ev,,

i,

1

Note that function (3) can be written as

where a; =
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Wh=a,+Y
. = “)
X Z* (2ay, cos((lo, + kw,)t) + 2by sin((o, + ko,)r)),

k=0
where q, is the term of the sum corresponding to
[ =0,k =0 = 0. The asterisk marking the summation

symbols indicates that summation is performed over /
and k that are not simultaneously zero.

Thus, as it follows from formula (3), when two sig-
nals are applied to the SIS junction, we obtain output
signals at all frequencies that can be defined by the for-

mula /w, + ko,, where /and k are the integers. Of prac-
tical importance is the case of the HM, namely: the
case where frequency of the first signal is close to the
multiple frequency of the second signal, i.e.,

o, — ko, <€ ®,. For convenience of notation, we
assume here that ©, = 2nfzr and ©, = 21f,,,,. In this
case, at the intermediate frequency fir = frr — Kfoynn»
the current amplitude can be written as

Lip =\/01k2+b1k2, (3)

where

ay (V)
= T @) [ L0 i)

ot
blk(V
= ZJ"((XI)J’”((XZ)|:'In+l(a1)-lm_k((12)

n,m

h
Ty ) g0 T [V 42

+M),
e

Formula (5) describes the sought dependence of
the current amplitude at intermediate frequency firon
the frequencies and power levels of the RF signal and
the synthesizer signal and, therefore, is the main theo-
retical result of this section.

2. EXPERIMENTAL MEASUREMENT
OF THE CHARACTERISTICS
OF THE SIS-JUNCTION HARMONIC MIXER

The experimental data given in [3, 5, 6] are insuffi-
cient for verification of the theoretical results. There-
fore, an experiment was conducted to measure the
magnitude of the output signal of the SIS-junction
HM as a function of the power levels of the input sig-
nals and of the HM bias voltage Pjp(Vy,Poypn), i-€., t0
obtain the patterns similar to the patterns shown in
Fig. 2.
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Fig. 4. Experimental setup for measuring the characteristics of the SIS-junction HM: (/) antenna; (2) HM, (3) directional cou-
pler; (4) SIS-junction bias tee; (5) system of amplifiers; (6) bandpass filter; (7) power meter; and (8) current source, which allows

the SIS-junction bias voltage to be set.

In the experiment, we used a single SIS junction
made as a Nb—AIO,—Nb film structure with a surface
area of 1 pm?2. The normal resistance of the junction is
about 25 Q2, and the gap voltage is 2.8 mV.

In measuring the characteristics of the SIS-junc-
tion HM that are determined by the quasiparticle tun-
neling, the Josephson component of the current was
suppressed by the external magnetic field. This cir-
cumstance makes the difference between this case and
the case represented in Fig. 2. It was found experimen-
tally that the critical current strongly affects the pat-
tern of dependence Pip(V;,Pyyn). The current insta-
bility and variation from experiment to experiment
change the Pip(V, Py,) pattern. However, these crit-
ical-current variations do not change the position of
the large peaks seen in the upper part of Fig. 2.

The experimental setup is shown in Fig. 4. The SIS
junction (2) and the antenna (/) are placed in a bath
cryostat at a liquid-helium temperature of 4.2K. The
frequency of the signal arriving at the antenna is of the
order of 600 GHz. This signal is generated as the signal
from the synthesizer with a frequency of about 25 GHz
passes via a superlattice multiplier operating at the
27@th[roman] harmonic. The signal from the refer-
ence synthesizer with a frequency of about 20 GHz is
applied via the —20dB port of a directional coupler (3).
The mixer output signal with a frequency of 4—6 GHz
is transmitted via the directional coupler (3) and via
the element for setting the DC bias current of the SIS
junction (4) and is applied to the input of a system of
IF amplifiers (5). Next, this signal passes via a narrow-
band filter (6) with a passband of 30 MHz and arrives
at a power meter (7). The bias current is set by a con-
trol unit (§). In the measurements, the automatic inte-
grated receiver test and control (IRTECON) system
was used [12].
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3. COMPARISON AND ANALYSIS
OF THE THEORETICAL
AND EXPERIMENTAL RESULTS

Prior to comparing the theoretical and experimen-
tal results, the RF-signal power was calibrated from
the levels of the SIS-junction pumping produced by
the RF signal. The calibration was performed as fol-
lows. The RF signal alone was applied to the HM, and
next the current jump was measured at an SIS-junc-
tion bias voltage of 2.5 mV. Next, from the computa-

tional results, coefficient o, was selected that provided
a calculated junction pumping that agrees with the
experimentally measured one.

A separate calibration of reference-signal power
Py, Was not performed. Quantity P, characterizes
the output power of the generator rather than the
power of the signal arriving at the junction, which is
decreased by 20 dB in the directional coupler (3)
(Fig. 4) and is lost in the connecting cables. Theoreti-
cal dependences Pi(V}, Pyn) Were shifted by a con-
stant along the Py, axis until they coincided with the
experimental ones.

On calibration, the experimental and calculated
dependences Pip(Vy, Py,m), Which are presented in
Fig. 5, were analyzed. A comparison between the
dependences shows that the calculated patterns are in
general agreement with the experimental ones. It
should be noted that the synthesizer-power dynamic
ranges coincide very closely. The Pye(Vy, Pyy,) pattern
is a complex one and resembles an interference pat-
tern. In the case of an RF frequency of 635 GHz (pre-
sented in Fig. 5), two bundles of lines are seen at low
values of power P,. The centers of the bundles are
located symmetrically about the gap voltage and
approach it as frequency frr decreases. The frequency
and the number of lines in the bundle linearly increase
with the harmonic number, i.e., as synthesizer fre-
quency fi,, decreases. At the base of the bundle, the
lines are vertical and the separation of the lines is
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Pyynin, dBm (a) Pyynin, dBm

Pyynin, dBm
12
10

Fig. 5. Experimental (at the left) and theoretical (at the right) dependences PIF(VZO,Psymh) for different RF-signal powers:
RF-signal pumping is (a) 15%, (b) 30%, and (c) 55% of the current jump at the gap voltage; frp = 635 GHz and Jsynth =
18 GHz, 35th harmonic. The output-signal dynamic scale range is 22 dB.
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2fynw/ky, Where k; is the Josephson constant, which is
483.6 GHz/mV, a value that corresponds to the width
of the quasiparticle jump on the HM VCC pumped by
the synthesizer signal. At higher values of P, the
bundle lines intersect and form a system of peaks
whose separation increases as Py, increases.

The presence of the critical current strongly affects
the Pip(Vy, Py, pattern at small values of P, and
makes the observation of the bundles of lines impossi-
ble. However, at higher level of applied power Py,
the effect of the critical current is suppressed and the
wide peaks are observed regardless of the presence of
the critical current. The upper boundary of the pre-
sented Pip(V, Pyn) patterns is determined by the fact
that, for the junction used, a further increase in Py,
in the experiment results in a sharp decrease in the
power of the HM output signal.

By constructing the section of the 3D Pye(V), Pynin)
pattern for fixed specified power P, we obtain
Pye(Vyy, Py dependences that are similar to the exper-
imental and theoretical dependences obtained in [6]
and [9], respectively (Fig. 6).

An analysis of the behavior of the Pp(V;, Pyynen,) pat-
tern under changes in harmonic number k at the same
powers of the RF signals and synthesizer signals shows
that, at a zero bias, a maximum power of the IF signal
is observed for an even harmonic and a minimum
power for an odd harmonic. This result agrees with the
experiment and is illustrated in Figs. 7a and 7b, which
correspond to £ = 34 and k = 35. This specific behav-
ior of the IF signal at V;; = 0 follows from the analysis
of Eq. (5). At a zero bias voltage, we have

Vo=0;

J_(@) = (=D)"J (@);
Inc(-V) = =Ipc(V);
Ixx (V) = Ixk (V).

By splitting the sum in (5) into four sums with pos-
itive and negative » and m, we find

Lip(k) = A0+ (=1,

where A is a certain function of the frequencies and
powers of the signals applied to the junction. Thus, at
odd k, the IF signal becomes zero and at even £ it is
positive. This is an important result, since, for certain
applications, it is convenient to have a capability of
operation at a zero bias voltage by selecting the appro-
priate synthesizer frequencies.

The 3D Pip(Vy, Pyn pattern allows the values of
parameters V; and P, needed for setting the system
to the operating point to be determined. However, the
peaks have different maximum IF-signal powers,

which also depend on the value of RF-signal power
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Fig. 6. Section of the dependence shown in Fig.5b made at
alevel of 10.5 dBm: (a) calculation and (b) experiment.

Prr. The investigation of theoretical dependences
Pie(Pgrp) shows that, for each separate peak, there is an
optimum value of power Ppp at which quantity P
achieves its maximum. This can be seen in Fig. 8,
where dependence Pip(Prp) is shown. This depen-
dence is calculated at fixed ¥, and Py, which corre-
sponds to the peak marked with a cross in Fig. 7b. It
can be seen that as Pgp increases, the output signal is
linearly increased, i.e., the HM operates in a linear
mode. It is this mode that was used in study [6] in mea-
suring the antenna pattern. As Py is increased, the IF
signal achieves its maximum and next noticeably
decreases as Pyy is further increased. The Py peak
point corresponds to the HM pumping (the current at
a 2.5-mV junction bias) by a RF signal that is about
30% of the current jump at the gap voltage. It follows
from Fig. 6 that, for a Nb—AIO, —Nb SIS junction with
a surface area of 1 pm? and a gap-voltage current jump
of about 100 pA, at fxr = 635 GHz and f,,,, = 18 GHz
(the 35th harmonic), the output signal may achieve,
according to the calculations, —85 dBm. Experimen-
tally, a value of about —90 dBm was obtained.
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Fig. 7. Theoretical dependences Pip(Vy, Py for different synthesizer-harmonic numbers at frp = 635 GHz: Foynth =
(a)18.53 GHz, 34 th harmonic and (b) 18 GHz, 35th harmonic. Marked with a cross in the insert in Fig. 7b is the point for which
Fig. 8 is constructed.

Pir, dBm
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_95 -

—100 F
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Fig. 8. Theoretical dependence of the 1F-signal power on the RF-signal power for V(),Psymh marked with a cross in the insert in
Fig. 7b. The peak of the curve corresponds to the RF-signal-pumping current that is equal to a third of the current jump at the
gap voltage.
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CONCLUSIONS

In the present study, an HM based on a tunnel SIS
junction has been theoretically investigated. In order
to verify the obtained results, a series of experiments
has been conducted. A comparison of the experimen-
tal and theoretical results shows that they are in good
qualitative and satisfactory quantitative agreement.
The dependence of the harmonic SIS mixer on the
bias voltage and the magnitude of the applied signals
has been analyzed. The behavior of the IF signal at a
zero bias voltage has been theoretically explained. The
power of the RF signal required for the maximization
of the IF signal has been estimated.
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