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Spectrum of oscillation of the array of Josephson junctions in the
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We have studied spectral characteristics of radiation of an oscillator based on the array of Josephson junctions

and evaluated its applicability as a heterodyne included in the superconducting integrated receiver. The array is

350 serial junctions that are embedded into a central electrode of the coplanar line. Radiation from the array is

mixed with higher synthesizer harmonics (the frequency is 16−19GHz) that originate in a single tunnel Josephson

junction (a harmonic mixer). A signal at the difference frequency (up to 800MHz) is output to a commercial

spectrum analyzer. A natural width of the oscillation line in the best point was below 1MHz with the signal-

to-noise ration of 26.3 dB. The estimates of the line width within the model that takes into account noises of

Josephson junctions as well as thermal and low-frequency noises are in qualitative agreement with experimental

results. Besides, we were the first to implement a phase-locked loop mode to the stable external synthesizer in all

the points, where the line width does not exceed 15MHz.

Keywords: superconducting integrated receiver, heterodyne, Josephson junction, coplanar line, noises, phase-

locked loop.
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Introduction

Superconductor electronics devices based on

superconductor-insulator-superconductor (SIS) tunnel

junctions are widely applied in various field of science

and engineering. Thus, the main element of terahertz and

subterahertz heterodyne receiver systems that are based on

ground [1,2] and in space [3,4] at the frequencies of up to

1.2 THz is a signal mixer based on the tunnel SIS junction.

The noise temperature of these devices approaches a

value of the quantum limit: Tn = h f /2kB , while the initial

signal is transformed into the intermediate frequency with

enhancement [5,6]. Here, f is a frequency of an arriving

signal, while h and kB are the Planck constant and the

Boltzmann constant, respectively. These effects are possible

due to operation of the devices at cryogenic temperatures

and unique nonlinearity of the SIS junction near the gap

voltage Vg [7].
In addition to the mixing element, operation of the

heterodyne receivers also requires a heterodyne oscillator.

For this purpose, high harmonics of synthesizer radiation,

which are obtained in a multiplier cascade [8], are used,

but it is more preferable to use the heterodyne oscillator

that is arranged in the same chip together with the mixer

and a receiving antenna. This approach was implemented

in the superconducting integrated receiver (SIR) [9]. A

superconducting oscillator based on a distributed Josephson

junction (DJJ) was used as the heterodyne. The SIR was

tested in studies for investigation of the atmosphere in the

TELIS device [9], in the gas spectroscopy [10] and for

investigation of a human body in the terahertz range [11].
The DJJ is a tunnel SIS contact that is manufac-

tured in one cycle with the SIS mixer. The DJJ

size along one of the directions multiply exceeds the

Josephson depth λJ =
√

80/2πµ0 jcd, where 80 — the

quantum of the magnetic flux, µ0 — magnetic susceptibility

of vacuum, jc — the density of the critical current,

d = d0 + λ1 coth(d1/λ1) + λ2 coth(d2/λ2) — the effective

thickness of the transmission Josephson line, d0 — the

tunnel barrier thickness, while λ1 and λ2 — the London

depth of penetration of the magnetic field into the upper

and lower electrodes, respectively, while d1 and d2 are

their thicknesses. When applying the magnetic field in the

plane of the DJJ tunnel barrier, the field starts penetrating

the junction in the form of vortices. When transmitting

the current through the junction, the vortices are moved.

When the vortex reaches a DJJ edge, an energy quantum is

emitted.

The operating frequency of the DJJ-based superconduct-

ing oscillator is retuned within a wide range up to 700GHz

(the niobium gap frequency). At the higher frequencies,

oscillation is almost impossible in the DJJ due to strong

absorption in the niobium electrode.

At the voltages below Vg/3, the DJJ operates in a reso-

nance mode[12]. Due to formation of standing waves inside

the DJJ, its current-voltage curve (CVC) exhibits current
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steps that are called Fiske steps[13]. The autonomous

width of the oscillation line in operating points on the

steps is of a value of about 1MHz, while between the

steps it exceeds 10MHz. Operation of the phase-locked

loop system (PLL) requires that the oscillation line width

shall be below 15MHz, therefore, it is difficult to select

the operating points when the voltages are between the

steps. The step position can be controlled by means of the

external magnetic field, therefore, in order to ensure a mode

of continuous retuning of the DJJ oscillation frequency, the

measurements are preceded by a procedure of searching the

operating points with various values of the magnetic field

and the current through the DJJ. Besides, the position of the

operating points is changed during sample thermal cycling,

therefore, after thermal cycling the procedure of searching

the operating points shall be performed again.

At the voltages above Vg/3 , the DJJ operates in a mode

of viscous vortex flow (
”
flux-flow“). In this mode, due to

a self-pumping effect, absorption of waves that propagate

through the DJJ greatly increases and there are no Friske

steps. At the same time, the oscillation line width is enough

for implementing the PLL [9].
Arrays of the tunnel Josephson junctions can be used as

alternative heterodyne signal sources for the superconduct-

ing integrated receiver. The arrays can be also manufactured

in one technological process together with the mixer and

the receiving antenna and the arrays oscillation frequencies

are also in the terahertz and subterahertz ranges. When a

concerted load is connected to the array, the power of the

output signal increases with the number of junctions N and

can be up to tens of microwatts [14–16]. At the same time,

the oscillation line width is reduced in inverse proportion

to N and with autonomous oscillation it has a typical

value of hundreds of kilohertz. Additionally, the arrays of

the Josephson junctions that are manufactured as per well

proved technologies Nb-Al/AlN-NbN and Nb-Al/AlOx -Nb

can operate at the frequencies of up to 900GHz, which

was demonstrated in the study [17].
In the recent article [18], the authors of the present study

have proposed a topology of the arrays of the Josephson

junctions and preliminarily studied characteristics of the

samples at direct current. The present study investigates

the spectral characteristics of the experimental samples and

specific features that originate during oscillation. Section 1

describes the experimental samples. Section 2 tells us about

a procedure of the measurements. The obtained results are

discussed in Section 3.

1. Experimental samples

The studied structures have been manufactured as per

a technological process that includes several stages of

magnetron sputtering, mask electron-beam lithography and

ion-plasma etching. The Nb-Al/AlN-NbN junctions with

the tunnel current’s density of 13 kA/cm2 are formed by

means of magnetron sputtering of niobium with subsequent
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Figure 1. a — the image of the array and the SIS detector with an

impedance transformer: 1 — the array of the Josephson junctions;

2 — the direct current gap between the array and the mixer on

the SIS junction; 3 — the direct current line for array power

supply; 4 — the harmonic SIS mixer; 5 — the radial contactor for

detuning of capacitance of the SIS junction; 5′ — to prevent loss

of the array power into its direct-current connect line (3); b — the

drawing of the array that consists of 350 junctions.

aluminum sputtering and nitridation. The electrodes are

formed by
”
for-explosion“ (lift-off) lithography that is used

to remove sizes below 0.5µm. Details of the technological

process can be found, for example, in the study [19].

An image of one of the studied samples is shown in

Fig. 1, a. The array is N serial tunnel SIS junctions that

are embedded into the central electrode of the coplanar

line. In order to provide an unhysteretic progress of the

array current-voltage curve, the junction is shunted by a

thin-film resistor made of molybdenum which is in the

normal condition at the liquid helium boiling temperature of

4.2 K. Synchronization between the junctions in the array is

provided due to waves that propagate through the coplanar

line. Fig. 1, b shows a drawing of the entire array with

typical sizes.

In order to decrease outflow of power generated by the

array, the direct-current power supply line 3 includes the

radial contactor 5′ at the distance of 3λ/4 from the direct-

current gap 2. Another radial contactor 5 is required to

detune capacitance of the tunnel SIS junction 4, that is

used in a signal mixing circuit, from the array with the

synthesizer harmonics at the high frequency. A fundamental

frequency of the synthesizer f synth is within the range from
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16 to 19GHz. A gap in the form of a slot antenna is

required for independent direct-current connection of the

array and a single SIS junction.

2. Procedure of the measurements

The studied sample is fixed to a holder of a measurement

head and placed into a helium filled cryostat. An electrical

contact of sample spots with power supply legs in the holder

is implemented by means of a silver paste. In order to

ensure a good thermal contact between a silicon substrate

of the sample and a surface of the copper holder, a wax

interlayer is done between them. For uniform contact on

the entire contact area and for activation of the silver paste,

the sample is placed in a furnace at the temperature of

50 ◦C.

The signal that obtained when mixing radiation of the

array with the high harmonics of the synthesizer has a

frequency from 0 to 800MHz. It is supplied to amplifiers

and after that one part of the signal is output to a spectrum

analyzer’s display and the other is supplied to a phase

detector that controls the array voltage. The error signal

from the phase detector is supplied to the array through

a resistor of resistance of 50�, which is near the chip in

the cryostat. The phase detector shifts the operating point

of the array in such a way as to eliminate a difference

in the frequency and the phase between the difference

frequency signal and the reference signal of the frequency

of 400MHz. Due to this, external phase synchronization

occurs provided that the oscillation line width is below

15MHz. This frequency is determined by a delay time

in the phase synchronization loop.

All the components of a measurement bench are schemat-

ically shown in Fig. 2.

3. Results and discussion

3.1. Preliminary direct-current measurements

Under effect of the variable electromagnetic field that

affects the SIS, there is an increase of probability of

tunneling of quasi-particles at the voltages below Vg .

This effect is called photon-assisted tunneling. At the

same time, the current-voltage curve exhibits a series of

the so-called quasi-particle current steps at the voltages

V = Vg − nh f /e, where n is a number of photons of the

frequency of f absorbed by the single photon and e is the

charge of the electron. Due to unsuppressed critical current,

at the voltages V = ph f /2e the current-voltage curve also

exhibits the Shapiro steps, where p is an integer number.

The current-voltage curve of the SIS junction when affected

by the array signal is shown in Fig. 3.

The dependence of the pump current of the SIS junction

on the frequency is shown in Fig. 4. As will be

shown below, irregularity of the curve is most likely

caused by capturing the array oscillation frequency when
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Figure 2. Experimental setup for investigating the oscillation line

of the array of the Josephson junctions.
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Figure 3. Current-voltage curve of the SIS mixer with oscillator

pumping. The operating point around 3.1mV is shown by a circle.

synchronizing the junctions near resonance mode of the

coplanar line, in which the array is embedded. In practice,

in order to effectively transform the oscillator signal to

the difference frequency with subsequent capability of

frequency and phase stabilization of the oscillation line,

it is enough to have an output signal power that induces

at the current-voltage curve of the SIS mixer a pump

current that is equal to at least one tenth of the gap
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Figure 4. Dependence of the pump current on the frequency for

the studied sample made up of 350 junctions. The maximum

power that is determined from approximation of the current-

voltage curve by expressions from the Tucker-Feldman model was

about 0.12 µW. The points were taken when passing the current-

voltage curve in forward and reverse directions. The green dashed

line marks a pump-current level that corresponds to 10% of a gap

current surge.

current surge [20]. It should be noted that operation of

the mixer included in the heterodyne receiver requires the

heterodyne signal power that creates the pump current

exceeding 25% of the gap current surge. It is clear

from Fig. 4 that the oscillation power that is sufficient

for operation of frequency and phase stabilization can be

obtained within the frequency band from 400 to 700GHz,

which is caused by a characteristic of transmission of a

match diagram between the array and the SIS mixer. When

approximating the current-voltage curve of the SIS mixer

with the theoretical expressions from the Tucker-Feldman

model [5], the maximum oscillation power was estimated to

be 0.12 µW.

3.2. Measurement of the oscillation spectra and
implementation of the PLL mode

Fig. 5 shows the array radiation spectrum in the operating

point at the frequency of 681GHz. The signal is output to

the spectrum analyzer’s display after transforming the signal

to the difference frequency f IF . The oscillation line width

in the autonomous mode turned out to be about 2MHz

at the signal-to-noise ratio of 27 dB. In the best points,

the oscillation line width is below 1MHz. The data are

obtained in the mode of frequency line stabilization with

100 averagings. It should be noted that the signal amplitude

at the intermediate frequency also depends on the operating

point of the SIS mixer and the synthesizer power. The

curves of Fig. 5 are obtained when selecting optimal values

of these parameters.

The red solid curve marks the oscillation spectrum with

the switched-on mode of phase frequency stabilization. As

350 375
–50

–40

–30

IF frequency, MHz

IF
 a

m
p
li

tu
d
e,

 d
B

m –20

400

PLL off
PLL on

–10

425 450

Figure 5. Form of the spectrum at the frequency of 681GHz.

The line width in the free oscillation mode (the black curve) is

2.2MHz, the signal-to-noise ratio is 27 dB. In the external phase

stabilization mode (the red curve), the spectral quality exceeds

80%.
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Figure 6. Portion of the current-voltage curve of the array with

the operating phase-locked loop system (the red curve) and in the

autonomous mode (the black line).

far as the authors of the present study know, oscillation

of the array of the Josephson junctions in the phase-locked

loop mode to the stable external synthesizer is implemented

for the first time. The spectral quality of the line in this point

exceeds 80%.

Fig. 6 shows the portion of the current-voltage curve

of the array with the switched-on phase-locked loop

system and without it. The width of the current syn-

chronization area is about 0.4mA, which is 10% of the

current value in the operating point. These data indicate

high efficiency of operation of the phase-locked loop

system.
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3.3. Internal frequency capture

In order to compare the line width in the experiment

with a theoretical value obtained from differential resistance,

a series of measurements of the array radiation spectra

was carried out within the range from 480 to 500mV.

The voltage interval between the measurements was about

0.25mV.

A procedure of measurements in each point consists of

several actions. First, the operating point is selected in a

certain portion of the current-voltage curve of the array by

pre-defining the current. Then, the synthesizer frequency is

chosen so as to place the difference frequency signal, which

is obtained when mixing array radiation with the synthesizer

harmonic, around 400MHz. After that, a number of the

harmonic is determined: when mixing the array signal with

the i-th harmonic, a change of the synthesizer frequency by

10MHz will result in shift of the difference frequency by

i∗10MHz. It should be noted that the difference frequency

may be shifted both to the right and to the left in relation

to the synthesizer. It is due to the fact that the spectrum

is measured in the upper ( f array > i f synth) or lower

( f array < i f synth) sideband (USB and LSB, respectively).
Within the framework of this series of the measurements,

the work was carried out only in the lower sideband at the

32-nd harmonic. After that, the synthesizer signal power

and voltage at the harmonic SIS mixer were selected so as to

provide the largest signal of the intermediate frequency (IF).
These parameters were selected only once and then they

remained unchanged within the series of the measurements.

During the measurements, in each point after varying the

bias current through the array, the synthesizer frequency

was again selected so as to set the difference frequency

signal at 400MHz. At the same time, the frequency

stabilization system is adjusted so as to keep the line near

the difference frequency around 400MHz. We have tuned

the synthesizer frequency in order to unchange the oper-

ating point when switching on the frequency stabilization.

After that, the signal frequency stabilization system was

switched on and averaging across the 100 measurements

was activated. Then, the frequency stabilization system was

switched off and the array was brought to the new operating

point and the procedure was repeated. The frequency

stabilization system with an adjustment band of 10 kHz does

not change the form of the line and its width.

Each point was taken to measure the current and the

voltage at the array as well as the synthesizer frequency

and the spectrum itself at the difference frequency. An

amplitude of oscillation of the Josephson oscillators near the

fundamental frequency has a typical form of the Lorentz

curve. That is why when processing each spectrum was

approximated by the function (1), from which a position

of the oscillation center and the oscillation line width were

obtained:

A =
A0

( f − f 0,IF)2 + (δ f )2
, (1)
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Figure 7. Portion of the current-voltage curve of the array,

which is measured at direct current and recalculated from the

measurements of the spectrum by the Josephson formula per

N = 350 junctions. The internal frequency capture is visible.

where f 0,IF — the oscillation center position at the

difference frequency, δ f — the line width.

It should be noted that connection of the PLL system

adds a resistance of about 100� in parallel to the array.

At the same time, the resistance of the very array made

up of the 350 junctions is about 400�. For this reason,

the current-voltage curve differs from the measurements that

were carried out at direct current in a submersible cryogenic

probe. The additional resistance shall be taken into account

for correct calculation of the differential resistance of the

array.

In order to check applicability of the Josephson formula

to description of a relation between the oscillation frequency

and the array voltage, the frequency determined by the

spectrum analyzer was converted into the voltage by the

formula

Vs =
h
2e

(i f synth − f 0,IF). (2)

The sign
”
−“ in front of the intermediate frequency f 0,IF

is due to operation in the lower sideband (LSB).

The portion of the array’s current-voltage curve that is

measured at direct current (the black dots) as well as

the current-voltage curve recalculated from the spectral

measurements (the red dots) are shown in Fig. 7. As can

be seen, the current-voltage curves measured by the two

methods differ considerably.

During the measurements, both the harmonic number

and the operating sideband remained unchanged. Most

likely, the discrepancy is caused by internal array oscillation

frequency capture when the oscillation frequency is quite

close to the frequency of the resonance mode in the

coplanar line [16]. The distance between the resonance
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modes can be calculated by the formula

1 f =
v

2L
∼

c
2L

√

2

ε + 1
, (3)

where v — the speed of propagation of the wave in the

coplanar line, c — the speed of light in vacuum, L — the

length of a portion, in which the standing waves are formed,

ε = 11.7 — permittivity of the silicon substrate, on which

the sample is manufactured.

As can be seen in Fig. 7, the distance between the por-

tions of the current-voltage curve, which are recalculated by

the Josephson formula, is about 19mV, which corresponds

to the frequency of 27GHz. With the length of the coplanar

line L = 2mm, it was calculated by the formula (3) to give

the value 30GHz, which coincides with the measured value

taking into account dispersion of permittivity in the coplanar

line [21]
It should be noted that the array made up of 350 junctions

consists of two sections — 200 and 150 junctions of the

length of 2 and 1.5mm, respectively, which are separated

by rotation by 180◦ (Fig. 1, b). The portion of the circuit

with the harmonic mixer is connected to the section with

200 junctions and it is the length of this section, by which

the resonance frequencies are determined.

Besides, the recalculated current-voltage curve has exhib-

ited four additional portions, between which a frequency

surge is detected and oscillation can not be measured. At

the same time, the oscillation line width in these portions

increases from the middle to the edges. A cause of origin

of this
”
fine structure“ is subject to further investigation.

3.4. Comparison of the oscillation line width with
the theoretical models

Fig. 8 compares the experimentally-obtained values of the

oscillation line width with the calculations. The black dots
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Figure 8. Dependence of the oscillation line width on the

differential resistance in the operating points at the various array

voltages. The parameters of the green curve: A = 50, B = 2,

C = 0.5.

with error bars correspond to the experimental values, while

the red circles correspond to the theoretical values.

As follows from the fluctuation-dissipation theorem, the

dependence of the oscillation line width is quadratic in Rd .

In case of one junction, an exact value of the coefficient of

proportionality can be determined by the formula from the

Rogovin-Scalapino model [22]:

δ f =

(

4πe
h

)2

R2
dSI(0), (4)

where SI(0) is the noise spectral density at the zero

frequency. This value includes several components: noise

directly at the junctions in the array SI,2(0), low-frequency

noise affecting the array SI,1(0) and thermal noise, in

particular, on the shunts SI,0(0). The full noise spectral

density in the formula (4) will be obtained by summing all

the components.

SI,2(0) =
e
2π

(

Iqp coth

(

eV0

2kBT

)

+ 2I p coth

(

eV0

kBT

))

,

SI,0(0) =
e
2π

Iqp

(

RN

Rd

)2

, (5)

where Iqp and I p — the quasi-particle current and the

Copper pair current, respectively; V0 — the voltage at the

junction in the operating point, T — the temperature in the

experiment, RN — the active resistance of the shunts. At the

voltages below the gap voltage, the quasi-particle current in

the tunnel junction is quite small: a ratio of the differential

resistance to the normal resistance exceeds 20. Therefore,

within the estimates done we have assumed that Iqp is much

less than I p, which is equal to the critical current in order

of magnitude.

As said above, in case of the array made up of N junctions

it is expected that the value of δ f will be in N times less.

The red dots in Fig. 8 are obtained by the substitution

SI(0) = SI,2(0). The experimental and theoretical values

coincide within experiment errors when the values of Rd

exceed 0.1�.

With the smaller values of the differential resistance, the

thermal and low-frequency noises in the system result in

broadening of the line. Qualitatively, it is possible to take

into account thermal noises by introducing an additional

summand that does not depend on Rd . But presence of

low-frequency fluctuations, which can not be suppressed

by the frequency stabilization system, results in emergence

of a summand that is linear by Rd . The function of the

form y(Rd) = A · R2
d + B · Rd + C is shown in Fig. 8 by the

green line [23]. Here, A, B and C are certain dimensional

parameters that are related to respective spectral densities

of the fluctuations. Detailed theoretical description will be

also be presented in the future.

Conclusion

The study has investigated the spectral properties of

the terahertz-range superconducting oscillator based on
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the array of the Josephson junctions embedded into the

central electrode of the coplanar line. The procedure of

measurement of the array oscillation spectra has been tested

when mixing the array signal with radiation arriving from

the synthesizer on the harmonic mixer. In the best points,

the oscillation line width is below 1MHz. For the values

of the differential resistance per one junction, which exceed

0.1�, the experimental values of the line oscillation width

coincide within the error with those theoretically calculated

by the Rogovin-Scalapino formula that is normalized to the

number of the junctions in the array. The difference with

small Rd can be explained by taking into account additional

thermal and low-frequency noises in the system.

We were the first ones to demonstrate the phase-locked

loop of the oscillator based on the array of the Josephson

junctions to the stable external source. The signal spectral

quality in the phase-locked loop mode exceeds 80%. At the

same time, the current synchronization area exceeds 10%

of the current value in the operating point.

The spectrum measurements were taken to detect fre-

quency oscillation capture that is due to interaction of the

junctions with radiation in the coplanar line. This effect is

manifested in that with continuous variation of the array

voltage the oscillation frequency varies unproportionally

to the voltage, but when exceeding a certain value it

experiences switching from one mode of the coplanar line

into another. Besides, several areas were observed within

one series without flipping between the modes, between

which no radiation was detected, but within each area the

line width increased from the middle to the edges. This

issue will be studied in the future.

The heterodyne oscillator requires that the frequency can

be continuously retuned. Consequently, the samples are

designed with the concerted load on a non-emitting end.

Thus, another step has been made for creation of the

superconducting integrated heterodyne oscillator based on

the array of the Josephson junctions.
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