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Abstract

New samples were designed for studying resonances of triangular arrays of Josephson
junctions in magnetic field. In previously reported experiments it has been shown that
horizontal junctions of a triangular array can radiate a considerable output power in a
wide range of the frequency which mainly depends on McCumber (βC) and discreteness
(βL) parameters [1]. This radiation was detected in most cases by a room temperature
receiver. In this report we describe our new improved design of on-chip radiation de-
tection circuits that currently are submitted for fabrication at the Institute for Physical
High Technology (IPHT) Jena foundry. The second part of this report describes first
measurements and new design of samples for radiation detection experiments using the
400-500 GHz superconducting low temperature receiver.

1 Improved on-chip coupling circuits for triangular arrays

In this part we describe our new design of the on-chip detection circuit for studying high
frequency properties of triangular arrays of small Josephson junctions. For introduction into
the problem we refer to the our previous Interim Report No.1 [2], where the design of on-chip
rf coupling circuits and their measurements have first been reported.

Within current project we have designed 3 new circuits for radiation detection by on-chip
detectors. Design layout of one of these circuits is presented in Fig 1. All of the circuits
consist of five parts: i) radiation source, ii) dc-break, iii) impedance transformer, iv) detector
and v) dc-filter based on radial stub.




Figure 1: Layout of the array, coupling circuit and detector.

In all 3 cases as a radiation source we used triangular array of Josephson junctions. The
array of the first circuit consists of ten cell with three shunted junctions. The shunt resistance
is 5 Ohm. The second circuit also consists of ten cell, but the junctions are not shunted. The
third circuit is similar to the second one, but its array has only five cells. The dc-break and
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array are connected via short transmission line, length and width of which we changed for
appropriate impedance matching of the circuit. Parameters of the impedance transformer
between dc-break and detector determine the frequency range where radiation detection is
possible. The detector contains two small SIS junctions. The radial stub based filters are
filtering external noise.

The radiation frequency of our previously prepared samples lyes in the range 60-80 GHz.
The critical current density of these samples at 4.2K was about 300Amp/cm2, while for new
ordered samples it is expected to be about 100 ± 50Amp/cm2. The critical current density
determines parameters such as capacitance and resistance of the junctions. The capacitance
of the junction determines radiation frequency. In designed samples the radiation frequency
is expected to be higher than 80 GHz. We estimated it to be in range 90− 110GHz.

Relative to our first design, we shifted the frequency range of the coupling circuit to higher
frequencies around 80− 120GHz. We changed the parameters of the impedance transformer,
i.e. widths and lengths of the transmission line segments of which it consists. In Fig. 2(a)
we present the calculated matching coefficient for the previous made and currently designed
samples. In calculations, of which as a radiation source we took either lumped element of
5 Ohms or an array of shunted junctions. One can see that in the region of interest, the
matching coefficient was improved while for higher frequencies it got worse.

The red line in Fig 2(a) corresponds to the array of shunted Josephson junctions. In the
frequency range around ν0 = 100 GHz this curve shows the coupling of about −5 dB. In Fig
2(b) we present the matching coefficient for the other two samples with arrays junctions of
which are not shunted. One can see that matching at the preferred frequency ν0 is worse than
it is for first sample, and it is also very nonuniform.
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Figure 2: Matching coefficient dependence on frequency: (a) for an array of shunted Josephson
junctions and for a lumped element of 5 Ohm; (b) for arrays with 5 and 10 cells having the
shorted end.

We did our best to get more flat matching for these samples. Yet it remains very peaked
because of much difference between transformed impedances of the arrays and other parts of
the samples. But taking into account, that the shunt resistor inductance shifts the resonance
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position to lower frequency, for these arrays we expect that resonance step will be in the range
105− 120 GHz where we have better matching.

Our previous calculations of the matching ranges have been done for the lumped
impedance sources. Now we have also included into calculation matching of the distributed
array as it is, taking into account the number of its cells, shorted end, etc. Therefore, we
suppose that the characteristics of real arrays will be much closer to the calculated ones.

2 Preliminary measurements using 500GHz superconducting
integrated receiver

Here we report a construction and first tests of our novel laboratory-purpose sub-mm
band tester-receiver. This instrument allows to detect spectrum of radiation in the frequency
band of 400-600 GHz from virtually any compact low-power source working at temperatures
below 100 K [4]. Both the receiver and a sample are placed in vacuum, inside a laboratory
test probe, which is cooled in a standard liquid helium transport dewar. A sensor of the
instrument is based on a superconducting integrated receiver (SIR) chip. This SIR chip,
besides a quasi-optical SIS mixer, contains an internal electronically tunable superconducting
local oscillator, which provides a low-noise operation at the level of about 300 K at central
frequency around 500 GHz.

SIS Josephson junctions are known as sensitive detectors in sub-millimeter wavelength
range. SIS mixer is presently the most sensitive device for heterodyne reception in the fre-
quency range 100-1000 GHz, its noise temperature is limited only by the fundamental quan-
tum level. The lack of compact, cheap, and easily tunable sum-millimeter local oscillators
motivated development of a superconducting oscillator, which can be used as on-chip local
oscillator. The best choice of such oscillators is currently flux-flow oscillator based on the
unidirectional flow of magnetic fluxons in a long Josephson tunnel junction [3].

The experimental setup consists of a vacuum probe, containing SIR, two IF amplifiers and
a bias supply unit [4]. The vacuum space allows to heat a sample installed inside the probe
and adjusts the temperature in the range from 4.2 K up to about 100 K without considerable
effect on the SIR operating conditions. To protect the magnetic sensitive SIR and sample
from external magnetic field, a cryoperm shield of 25 cm long is used. The sample table is
thermally isolated from the helium-cold stage and equipped with a heater, thermometer, rf
coaxial cable, and w-band waveguide.

To couple the rf power from the emitting sample to the receiver chip with minimal losses, a
high precision quasi-optical system of two confocal silicon lens-antennas were developed (Fig.
3. The lenses are identical truncated ellipsoids R1 = 5mm, R2 = 5.228mm with antireflection
coating (87 µm thick with ε ≈ 2.9). Both the lens and its antireflection coating are fabricated
with a surface accuracy better than 5µm. An infrared filter made of quartz is placed between
the lenses to prevent direct IR heating of the receiver chip. The SIR chip and the sample
are glued on the flat side of their own lens with soft wax so, that their antennas are within
accuracy of 10µm in the focus of the corresponding lens.

A low-noise bias supply unit designed in SRON controls the receiver chip. It comprises
four independent bias sources: i) for the SIS mixer, ii) for the FFO, iii) and iv) for control
lines of the SIS mixer and the FFO. The bias supply unit can be operated manually and/or
by a computer. Being under the computer control, the bias supply unit is driven by two data
acquisition boards: 16-bit resolution board is used for the FFO and 12-bit resolution board -
for the SIS mixer. To avoid the low-frequency ground loops, internal isolated-amplifiers are
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Figure 3: Quasi-optical system of two silicon lens antennas.

used in the bias supply, that also help to reduce the noise caused by the computer.
The superconducting integrated receiver chip is fabricated on a 4 × 4 × 0.5mm3 sili-

con substrate using the Nb-AlAlOx-Nb technology with the critical current density about
8 kAmp/cm2. The receiver chip comprises a SIS mixer (S = 1 − 1.5µm2) and a flux-flow
oscillator (FFO) as a local oscillator (450µm long and 3 µm wide). The principle of FFO is
the motion of magnetic flux quanta, which density is defined by an external magnetic field.
This array of fluxons is driven along the junction by the Lorenz force due to DC bias current.
Reaching the end of the long junction, the fluxons provide electromagnetic pulses, which are
coupled to a microstrip transmission line. The frequency of the pulses is determined by the
Josephson relation ν = 2eV/h. The velocity and density of the fluxons, and thus the power
and frequency of the radiation emitted can be adjusted independently by joint effect of bias
current and magnetic field. The base electrode of either junctions is used as a control line
to produce a local magnetic field. To provide the independent biasing for the SIS mixer and
the local oscillator, a DC block is inserted in the transmission line between the FFO and the
mixer [5]. For the effective receiving of an external radiation a double-dipole antenna is used
with an SIS mixer in the center of it. The combination of the double-dipole antenna and
the silicon lens provides the beam of about 10 degrees wide pointed to a sample source. An
additional focusing lens can be placed in the optical path at aperture of the receiver head.

The family of the current-voltage characteristics for the FFO in magnetic field and a few
examples of pumped IV-curves of the SIS mixer at different FFO frequencies are shown in
Fig. 4. We treat the pumping level of the mixer is good when it is in the range of 10-25 %
of Igap. It was found theoretically and confirmed experimentally that this pumping level is
sufficient for the normal performance of a SIS mixer [6]. The interval of good pumping level
and thus the receiver operating range is 20 % of the central frequency of roughly 500 GHz.

In these preliminary experiments our main purpose was detection radiation from long
Josephson junction due to Fiske resonances. Because of reflection from the end of the junc-
tion it behaves as resonant transmission line. In the presence of the Josephson current at
finite voltage there takes place electromagnetic wave radiation with frequency f = 2eV/h.
This radiation excite resonance modes, which interact with Josephson current. When the
Josephson frequency coincides with one of the resonance modes ω there appear step on I−V
curve, well known as Fiske steps.

Using the above described SIR setup, we have searched the radiation from a long Josephson
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(a) (b)

Figure 4: (a) IV curves for the FFO measured at different magnetic fields, (b) the SIS mixer
pumped by the FFO at 428, 461, and 500 GHz.

junction. The radiation power from the sample at 4.2 K was found quite small. The response
signal was measured only with ac-modulated I − V curve using lock-in Amplifier.

The measured sample consists of two parts: oscillator (long Josephson junction) and
dipole antenna coupled to the oscillator, which is used for free-space emission of the radiation
from the junction. The layout of the sample is presented in Fig. 5. Coupling between the
junction and the antenna in the frequency range of interest was chosen very strong (about
−5 dB), which means that the reflection from the end of the junction coupled to antenna was
very small. It turned that this effect considerably reduces the height of the Fiske steps and
therefore the power of emitted radiation.

Figure 5: Layout of the long junction coupled to dipole antenna.

For the junctions without antenna the internal radiation power is about 10−5 W, so less
than 10 % of this radiation should be enough for detecting it by SIR. Taking this fact into
account, we designed now new samples, for which the reflection coefficient from the end of
the junction coupled to the antenna is estimated to be in the range 0.8 − 0.9. As next step
to improve the coupling we put the reflector above the sample. The latter reflects radiation
in the SIS mixer direction.

3 Conclusions

We reported new layout of samples for experiments using an on-chip radiation detector.
Three triangular arrays of small Josephson junctions coupled to detector were designed. In
calculation, we hope to succeed to obtain the best matching for the array containing 10 cell
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with shunted junctions. For the other arrays the matching coefficients are expected to be
relatively good in the frequency range of interest (90-120 GHz). Using the 500 GHz SIR
setup, we have also searched the radiation from long Josephson junction coupled via a dipole
antenna. The measured radiation power found so far was very small. We designed new
samples with revised coupling between antenna and oscillator.
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Abstract

Yukon and Lin have proposed a design for an active antenna array based on phase-

controlled 2D triangular arrays as oscillators. Synchronization between the oscillators (or

subarrays) is provided by a phase shifter consisting of a discrete Josephson junction chain

(1D-array). Numerical simulations have shown that, in a certain range of parameters,

this circuit can enable radiation beam steering. Earlier we have designed double �n

line antenna in order to pick up radiation from the two subarrays. Here we present an

outcome of new measurements. Using recently improved 100 GHz setup we have been

able to measure radiation from subarrays.

1 Description of the circuit

The realization of an active antenna array involves a rather complex circuit in which

several subarrays and phase shifters are coupled through di�erent bias schemes and control

lines for local magnetic �eld for each element of a system. In addition, an appropriate set

of antennas has to be included in the circuit in order to pick up radiation. Here we remind

details about our earlier design [2] which has been studied again here.

The subarray: As a subarray we have taken double row square cell triangular array.

Each row consists of 13 cells. Superconducting probes are placed across each row so that the

individual row voltages can be measured. The elementary cell contains four small Josephson

junctions. The horizontal branch consists of 2 junctions connected in series. The junction size

is about 9 �m2. The cell size is about 160 �m2. The bias current 
ows through bias resistors

and tabs. Tabs can be two types with and without horizontal junctions. In order to keep

symmetry we have designed tabs without horizontal junctions. The sketch of the subarray is

presented in Fig. 1.

Figure 1: Layout of the subarray consisting of two rows of 13 cells.

The phase shifter: For synchronize the oscillations in two di�erent subarrays they should

be mutually coupled either directly or via some phase shifter. The �rst case corresponds for

the case of a twice long array. The phase shifters not only synchronize but makes some phase

shift between the oscillations in the coupled subarrays. In this case we will have enhanced

radiation, at the output.
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As a phase shifter we have used a ladder of Josephson junctions with 16 cells. The phase

shifter was designed to have same cell size (160 �m2) and junctions (9 �m2) as the subarrays.

Elementary cell contains four junctions. A sketch of the phase shifter with 16 cell is shown

in Fig 2.

V+
I+

CL+

I-

CL-

V-

Figure 2: Layout of the semi-circular phase shifters consisting of 16 cells.

Double �n line antenna: In order to pick up radiation from the two subarrays we

used double �n line antenna. Its both parts are in parallel and take radiation from di�erent

subarrays. The outer electrodes of the antenna excites electromagnetic wave in a wave guide.

2 Measurements

The active array we have measured contains two subarrays, phase shifter and double �n

line antenna. In order to simplify biasing scheme the phase shifter and two subarrays were

designed without galvanic coupling. In the circuit the phase shifter is aligned not directly to

one of the rows of the subarray, but to the inner biasing tabs. In this case one would expect

less in
uence of the phase shifter on the subarrays. The two subarrays have common lead

for biasing, which is also simpli�es the whole biasing scheme and, at the same time, allows

us to supply the arrays with same current. With such a biasing the 
uxon chain exciting one

of the subarrays goes through the phase shifter and enters into the other subarray. The �n

line antenna is used for coupling the emitted radiation to a waveguide. The layout of the

measured circuit is presented in Fig. 3.

First we started with dc characterization of the subarrays. Fig. 4(a) shows the current

voltage characteristics of one of the subarrays. In Fig. 4(b) we have presented the pattern

of the critical current vs. external perpendicular magnetic �eld. In both pictures the red

lines correspond to one row, while the black ones to another row. We can see that the dc

characteristics of the rows are similar.

We have performed radiation measurement using room temperature superhetherodyne

receiver. Recently we modi�ed our setup to be able to generate rf power in the frequency

range of the detection (78-118 GHz). By applying this radiation to our circuit we have

observed Shapiro and photon assisted tunneling steps induced on the subarrays I-V curve.

By changing the frequency of the external radiation we can precisely determine the frequency

range where to search for a radiation from our sample. By doing this we have determined that

the radiation frequency lies in the range 85-90 GHz. Further we changed the local oscillator

frequency in this range. Measured power with corresponding I-V curve of one row is shown

in Fig. 5. From this curve we have determined that the radiation frequency is about 86.5

GHz. We could not measure spectrum of the radiation because of its low power.
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Figure 3: Layout of active antenna with galvanically decoupled phase shifter.
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Figure 4: DC characteristics of the �rst subarray: I-V curve at half frustration (a), critical

current vs. frustration.

Measured data analysis show that the radiation power does not depend on the current

through phase shifter (Fig. 6(a)). At least the power change due to phase shifter current

is less than noise. We could not detect any change even with large time averaging. The

radiation power versus external magnetic �eld is shown in Fig. 6(b). The power dependence

on a magnetic �eld is smeared by noise, however with large averaging we have noticed a little

e�ect.

3 Conclusions

We have tested circuits based on 2 row arrays of Josephson junctions mutually coupled by

a phase shifter. We have �nally succeeded to measure radiation from the two subarrays. The

detected radiation frequency is about 86.5 GHz. It was observed that the radiation power

does not depend on phase shifter, or at least its dependence is very weak. Several points

still remain to be clari�ed. Under question is the operation of phase shifter and subarray
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alignment.
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