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Experimental study of frequency multiplication in a
distributed array of SIS junctions

Bhushan Billade, Alexey Pavolotsky and Victor BelitsiSgnior Member, |EEE.

~ Abstract—We report the first experimental off-chip detec- superconductors [4] and using high-Tc superconductors [5]
tion of frequency multiplication in a distributed array of  Often the local oscillator source and the mixer are integrat
Superconductor-Insulator-Superconductor (SIS) junctians. A test on single chip [4], [6].

device consisting of series array of sixty eightVb/Al-AlO, /Nb H h . ion in SIS devi . .
tunnel junctions was designed to study generation of the send owever, harmonic generation in évice using quasi-

harmonic in 182 — 192 GHz band. The SIS array was exited particle tunneling effect has never been experimentaliyate
with microwave radiation at 3 mm band using a quasi-opticaly  strated before. The extremely nonlinear behavior and guant
COUp|etddC_5Udnn QSCi”athl agld th}; %Utpgtglé;por}se of the tdem'?_ nature of operation of an SIS tunnel junction, give reasons
was studied using a double sideban mixer operating in : ; ; _
163 — 211 GHz range with 4 — 8 GHz IF bandwidth. tp _beh_eve that an SIS d(_ewce de3|gned for fre_quency _mul
We measured extremely sharp spectral signals, associatedtv  UPlication can operate with very high conversion efficien-
the x2 frequency multiplication by the SIS array. Distinct single ~ Cie€s. Furthermore, most sensitive heterodyne receivetisein
and multi-photon processes were observed in the SIS tunnel mm/sub-mm region use SIS mixers, which requires very low
junction response to the applied microwave radiation, confming | O power. From this perspective, the SIS frequency muéipli

device operation in quantum mode. The output power of the s . mpjetely compatible with the system with respect tarthe
multiplied signal increases linearly with the power of the pumping h . d .
signal up to certain level and them saturates. In attempt to erify ~ OPerating environment and power requirements.

that the device produces noticeable power, the output of the  Possibility of using this nonlinear property of an SIS junc-
test device was connected to the LO port of the SIS mixer and tion for frequency multiplication was suggested earlie}, [7
an increase of 10 — 20% in the SIS mixer dark current was  pyt there has not been any experimental effort to investigat
observed. Further development of the demonstrated princife ;¢ ossibility further. One of the reasons could be that th
of frequency multiplication, may lead to a practical frequency - . . .
multiplier device. power generated by such a multiplier device using single SIS
junction would be very small. However, the total output powe
from a SIS multiplier device can be increased by increasing
the junction area or by using an array of SIS junctions [8].
Keeping the same overaR,, as a single junction, an array

|. INTRODUCTION of IV junctions would haveV? times higher power handling

HE ability of a Superconductor-Insulator-Superconducteapacity.

(SIS) tunnel junction to respond to a single absorbed Such a multiplier device can be easily arranged in a power
photon and extremely sharp nonlinearity in their currengombining configuration to boost the total output power fur-
voltage (I-V) characteristics, due to quasi-particle ®iing, ther, and can also be integrated with the SIS mixer on the same
has been utilized in ultra-low noise millimeter wave reees/ chip, similar to the approach described for flux flow osailtat
[1]. These ultra-sensitive receivers generally use SISersiX in [6]. In multi-pixel heterodyne systems, where complexit
pumped with fundamental local oscillator (LO) frequencyhe LO distribution system and LO power requirement would
However, there has been some work in sub-harmonical¢ one of the biggest challenges, an SIS frequency multtiplie
pumped SIS mixers using internally produced LO harmoniguld offer very attractive alternative. In such scenatiz
for mixing, either using series array [2] or using stacke8 Siphase locking and distribution of the LO signal can be cdrrie
junction array [3]. out at much lower frequencies.

Generally in these ultra-sensitive SIS systems, the LO|n this paper we describe the first experimental investiga-
source and frequency multipliers are placed at room tefiion of SIS device as frequency multiplier. Even though the
perature, and the LO signal is coupled to the mixer eith@pproach of integrating the multiplier and SIS mixer on king

using long stainless steel waveguide or quasi-optics. & cghip is very appealing, for the first demonstration we opt for
of waveguide LO coupling, most of the LO power is lost dug non-integrated approach.

to waveguide losses. There has been lot of work on frequency
generation based on Josephson effect, both using low-Tc

Index Terms—Superconducting devices, frequency multiplier,
thin-film circuits.

Il. EXPERIMENTAL SISMULTIPLIER
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the superconducting gap value. A purely classical scenario
would be when both the input and the output frequencies
are less than the voltage nonlinearifit(/e < 6Vgqp). In @ Choke struture
classical-quantum mode, the input pumping frequency does,____ .|
not produce quantum responseJs(e < §Vy,,) Whereas, the iDC =
output frequency is in the quantum regime. For a quantum-
classical mode, one can think of a scenario, where the output
frequency exceeds twice the gap frequenay fe > 2Vyqp).
In this paper we investigate a quantum-quantum mode, where
both the pumping and the output frequencies produce quantum S ameleiRis J
responseqVyap > hw/e > Vyap). [ GND [— B
The quantum theory of mixing [9] describes in great details =

the meCha_nism of tunneling current a_t diﬁ_erent harmonicsg. 1. Photograph of the test chip showing the series arfag8oSIS
The tunneling current through the SIS junction as a resporsetions, two filter sections, RF and LO probes, positiorthe input and

; - - - the output waveguides, and DC bias and ground (GND) portsh ftmction
to the applled pumping signal’f) is represented as [9]’ is 25 um? in area with the overall chip dimensions 45 pm x 6700 um.

WR-10
input
waveguide
Filter 1 Filter 2

"

output
waveguide

o0
Ito (t) =ap+ Z (2ay, cosmwt + 2b,, sinmwt) (1)

m=1 DC and LOl RF out
where, the coefficients,,, andb,, are given by, Ly
2 = > Ju(0) ogm(@) + Jum(a)] 4
L,

n=—oo

G
xIge (Vo + nhw/e) (2) Larray
[ee]
Zarra Carra
2bm = Z In (@) [Jntm (@) = Jn—m(a)] & “ I:> ’ '
xIxx (Vo +nhw/e) 3)
where, « = eV, /hw is the pumping factorJ is the b
Bessel functiongg is the DC component of the current, and 7 C
Ik x Kramers-Kronig transform of the DC current-voltage "
characteristics of the tunnel junction.

In practical SIS mixer designs, if the geometrical capaci- - . - -
tance of the SIS junction is large enough, higher harmoniﬁ'g' 2. Simplfied equivalent circuit of the multipier.
(m>1) are usually ignored. Whereas, in the cases where the
capacitance of the junction is small, higher harmonics doul
no longer be shorted by the intrinsic junction capacitance and multiplied signal, and DC contact pads. The chip was
the embedding circuitry, and thus could be extracted othef tfabricated on @0 um thick crystal Quartz substrate using in-
system. The power level of these higher harmonics across fiaiseNb/Al-AlO, /Nb thin-film technology [11]. Each of the
SIS junction is just few nano-Watigh? [9]. Consequently, a 68 junctions hags um? area, and am,, A value of50 Qum?.

bigger area junction or an array of the SIS junctions shouldFig. 2 shows an equivalent circuit of the experimental

boost the available output power of the harmonics. multiplier. Each individual SIS junction was modeled as an
impedance in parallel with capacitance, similar to the apph
I1l. M ULTIPLIER CHIP DESIGN described in [12], [10]. The individual junctions are cootesl

A test device with _Sperconductor-Insulator- together using a short piece of transmission line. Sincg thi
Superconductor_Mitiplier Array (SuMA) was designed short piece of the connecting line is on @ pm thick
and fabricated as shown in Fig. 1. Aiming for enhancingubstrate, it becomes highly inductive. Therefore, theyarr
the generated power of the harmonic SignaL we demd@ﬁ 68 jUnCtionS connected with the inductive lines become
to use both, bigger size SIS junctions, and an array glectrically long, and must be considered distributed. Vdlee
68 junctions. The SUMA chip was designed for frequenc§f the parallel capacitance was determined by using approac
multiplication factor of two &2) with a WR-10 input  mm described in [13]. The value of the parallel impedaicevas
band), resulting in the frequency outputlrs mm band. The determined using the Tucker’s theory [9],
reason for choosing this particular frequency band, was the
availability of the 163 — 211 GHz SIS mixer [10], that we
intended to use to study the generated signals. o Zmt = 1/ Yo = 1/ (Gt + i+ Byt 4)

The SuMA chip uses an array of 68 SIS tunnel junctions
as shown in Fig. 1. The chip consists of the SIS junction
array, two filter sections, waveguide probes for pumpinghere,
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WR-10 input
waveguide
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2 Bons h waveguide
X {IKK (V()—I—new+ u;m ) —Ixk <V0+n w)

e

nhw nhw  Awps ' - - Lo
I kheadi RN § phiedi Fig. 3. A picture of the multiplier assembly showing inputdaoutput
tlkk (VO + e ) KK (Vb * e e waveguide, SMA connector for DC biasing and location of thu& chip.

. . . . . -8G
At the pumping frequency the impedance of the junction is 4siec';ﬁr|: :;;ﬁ,fet? -

Y11 = Y_1_1, whereas, at the output frequency the impedance
is determined using the elemeYil; = Y 5 .

Since the SIS array represents two different impedances to Waveguide 48 Gy é’“
the embedding network, one at the pumping frequengy)( L9 IF —\
and another at the outpui@) frequency ts2), the overall Gunn m\ SIS mixer
optimization was carried out using two separate S-paramete | z5sorer | x 103211
simulations. All the components were simulated separately HRF Isolator
using full 3D EM solver [14], and were combined in ADS S Horn Horn —5
circuit simulator [15] to verify the overall response. Twiefi Oscillator <| D Junction
sections as shown in Fig. 1 were used, to isolate the input and-83-105cHz SIS Array 4K
the output frequency components from each other. [ l’?}:ﬂ Crvostat

Fig. 3 shows a picture of the multiplier waveguide block

with an E-plane split. The SUMA chip is placed inside a chip

channel and the coupling between the microwave radiatibl§- 4- Schematic of the experimental setup used to studiestelevice. The
cryostat contains the SIS junction array connected diréoth163—211 GHz

in Wav_egu_ide_ mode and th_e Chip is aChi_eved USing pr9b§ mixer. Both the SIS mixer and the test array are pumpeudgusio
extending inside the waveguides. For the high frequen@y/&idseparate Gunn oscillators.

radial probe as described in [16] and [17] was used. Whereas,

for the low frequency side, a probe with integrated bias-g] [1

was used to allow the DC biasing of the SIS array. An SMAffect was carefully suppressed using the magnetic field. An
connector was used for DC biasing the array, where, the cerif@lator and a cryogenic low-noise amplifier were used at the
pin of the SMA was connected to the DC port of the chip usirfgutput of the SIS mixer. The SIS mixer was pumped using a
bond wires. The chip was DC grounded by connecting boéMilar W-band Gunn oscillator and a frequency doubler [19]

wires from the ground port (GND in Fig. 1) directly to thedeveloped by the Rutherford Appleton Laboratory (RAL), UK.
waveguide block. The IF output was analyzed with a spectrum analyzer.

From the DC I-V characteristics, the gap voltage and the
IV. MEASUREMENT AND RESULTS normal state resistancéf) of the whole array was found to
The ch o f the devi ‘ be 195 mV andR,, = 137 2 respectively. Which corresponds
e characterization of the device performance was carrigd, g v/ gap voltage angt,, = 2.01 ) per junction, show-

ogt at 4 K in a cryostat with Helium closed cycle refngeratogrhg excellent agreement with the design valuerf — 2 Q.
Fig. 4, shows the test setup used for the measurements of t Bne of the most important requirement on any frequency

SuMA. To investigate the response from distributed SISyarrg . wioiiar i . : )
. ; tiplier is that it preserves the spectral purity of theun
we use a double sideband SIS mixer [10] tha’? Covers Fhe gnal. In order to investigate the spectral response of the
frequencies from 63 —211 GHz with 4 to 8 GHz intermediate g \1a the LO frequency {=<r) of the SIS mixer used for
frequency (IF) bandwidth, connected at the output of SuMA1,HS pl;rpose was swept begmeﬁi”m“ 171 — 203 GHz
O L)

t
The SIS array was pumped using a quasi-optically coupl h MA ith f in h
W-band §3 — 105 GHz) Gunn oscillator and the output from(i;t the SuMA was pumped with frequenciefgf,, ,) suc

the SIS array was coupled to the input of the mixer using a . fizer 4 (4 - 8 GHz)
2

()

short piece of waveguide. In the experiment, the Josephson SuMA =
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Fig. 5. Measured down converted output response of the $&y.dafhe SIS ) o )

detector was pumped with a LO frequency rsf 190.3 GHz, and the SIS Fig. 6. Bias voltage dependence of the multiplied signakhViB0 GHz LO

array was exited with a signal @8 GHz (solid black curve) and witlpg ~ frequency for the SIS mixer and while sweeping the SIS ariiag loltage,

GHz (dashed gray curve). the power of 196 GHz signal was measured (solid black curvé) @Hz IF
using spectrum analyzer. The voltage axis for the entirayais normalized
for single junction. The dashed gray curve shows the estidhatitput power
from the model.

in this way the expected 2 output from the multiplier would

always fall inside thet — 8 GHz band of the down converted 40 . S — E—
mixer IF.

Fig. 5 shows the measured spectral response of the device,
when the SUMA was pumped with a signal at 98 GHz, and -50

at 99 GHz. In both the cases, the SIS mixer LO frequency
was ~ 190.3 GHz. We observed very strong frequency
multiplication of the pumping signal by the SuMA. The solid
black curve at 5.7 GHz IF in Fig. 5 corresponds t0&x 2
GHz output frequency from the SIS multiplier array. Simnlijar
the dashed gray curve at 7.7 GHz IF corresponds to output £
frequency of99 x 2 GHz. The observed signals were well
above 45 dB from the noise floor, with no indication of any
spurious signals. Measurements with several combination o
the LO and RF frequencies were performed, all confirming
frequency multiplication at second harmonics. | : ‘ ‘ ‘ ‘ ‘

The dependence of frequency multiplication on the array 40 -30 -20 -10 0 10 20 30 40
bias voltage was investigated by fixing both the LO signal Frequency (kHz), centered around 6 GHz
for the SIS mixer and the pumping signal for the SuMA,
and measuring the IF power while sweeping the SUMA bia$y. 7. Investigation of the line-width measurements ofingtiplied signal.
voltage. Fig. 6 show the measured power (solid black curvB)e spectra is centered at 6 GHz with 80 kHz span.
of the detected 6 GHz IF signal, when the LO frequency for
the SIS detector mixer was set to 190 GHz, and the SuMA
was pumped with 98 GHz tone. The measured power of theThe LO sources used in radio astronomy e.g. Gunn 0s-
multiplied second harmonic signal at 196 GHz shows depetillator, YIG etc., generally produce very sharp narrowdba
dence on the array bias voltage. We observed multi-phdtime. It is therefore necessary that the multipliers used in
process in the SIS array response to the applied microwdke subsequent LO chain preserves the spectral line-width o
excitation. The first peak below the gap voltage is believalle original signal. Fig. 7 shows the measurement results to
to be associated with absorption of one photon whereas trezify the line-width of the multiplied signal, using spaan
second peak below the gap voltage corresponds to absorptoalyzer. In this measurement both the Gunn oscillatori&icou
of two photons at the pumping frequency. We also observadt be phase locked due to unavailability of the phase lock
significant conversion of the input pumping signal into theop (PLL) system. Therefore, the measurements were darrie
second harmonic for DC bias above the gap voltage. out using free running Gunn oscillators. Fig. 7 shows that

wer (dBm)




IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOIX, NO. X, MARCH 20XX 5

the -3 dB line-width of the output signal is better than the —— Pumped IVC at 98 GHz
resolution bandwidth used for these measurements. The -30 2000
dB line-width in this case was better than 2 kHz, even with

free-running Gunn oscillators. g

For comparison, we performed direct measurements of the £ 1000
Gunn oscillators spectrum and found very similar line-Wwidt ’§

of the pumping signal. This leads us to conclusion that the g ol
SuMA does not broaden the line-width of the multiplied signa  J

noticeably. % |

& -1000 -

V. DISCUSSION 2 5

Accurate analytical modeling of the entire array would be a 2000
very challenging task. It would require a steady state gwiut ‘
of the large signal waveform across the entire array, and
consideration of the distributed effects both at the purggind
the output frequencies would need to be taken into account.

In order to simulate array behavior and underStar_]d th}% 8. Overheating of the SIS array at high level of appliehping signal.
measured results, a Matlab model was developed, with few
simple but realistic assumptions. The Josephson effect is
assumed to be completely suppressed by applied magnetiénped harder than the others. At high valuesaofthe
field. We assumed that the third and all higher harmonic &fst few junctions add a resistive component resulting ot pl
the LO are shorted by the array capacitance. We also assughewn in Fig. 8. Further increase of the input power results
that due to distributed nature of the array, the pumping powié complete suppression of the gap feature, and the regultin
would decay along the array, such that the first junction & th-V characteristic is just a straight line with slogg,.
array of 68 would be pumped harder than any next junction.In order to asses if the SUMA could provide output power
This leads to the different pumping level of each individugufficient to pump a practical SIS mixer, the output from
junction in the distributed SIS multiplier array. The disuted SUMA was directly connected to the LO port of the SIS mixer.
effect is taken into account by adding the output power of theven though we were unable to see the pumped photon steps
individual junctions with different phase. However, the D®f the SIS mixer, we observetd) — 20 % increase in the SIS
bias voltage dependence of the power decay along the arfaier sub-gap current. Estimation of the total output frdwa t
for both, the pumping and the multiplied signal [9], is noBUMA by taking out the total gain of the IF chain and mixer
addressed in the current model. The gray curve in Fig. 6 shold§)], gives aboute 8 — 10 n/V at the WR-5 waveguide port
the estimated output power of the array, the estimated outgii the multiplier.
power shows good resemblance with the measurements.

Since we use a series array, the second harmonic signal VI. CONCLUSION
generated by thé8'" junction in the array has to propagate We present results of the first experimental study of
through 67 junctions before it can be extracted out. In thisequency multiplication in a distributed SIS multiplierray
process some of the SIS junctions can get pumped at tmnsisting of 68 SIS junctions. We experimentally observed
second harmonic frequency. The effect of an SIS juncti@if-chip generation of the second harmonicl$0 — 200 GHz
getting pumped at second harmonic has not been taken iffequency band. The generated signal shows dependence
account in our modeling. on the DC bias voltage. The dependence exhibits features

In order to determine the maximum output power from theorresponding to single and multi-photon processes in the
SuMA, measurements with various levels of input power aidnnel junction array. The measurements also confirmed no
DC bias voltage were performed. The output power of the Si®ticeable change in the spectral line-width of the mukipl
array shows almost linear dependence with the input power signal as compared to the original pumping signal. The @evic
to a certain level, and then saturates. modeling shows good resemblance with the measurements.

Fig. 8 shows the effect of increasing the input powefhe device, although far from providing enough power to
(pumping factor:a). As the tunnel barrier is isolated frompump a practical SIS mixer, may be considered as a first
the substrate by two superconducting electrodes, which &eperimental step towards SIS frequency multipliers. tiurt
good thermal isolators, at certain pumping level, the fiest f development of the demonstrated principle of frequency
junctions in the array would be over-pumped, causing localultiplication may lead to a practical frequency multiplie
heating inside the tunnel barrier. The degradation of the géevice.
parametersV,,, in Fig. 8, is believed to be associated with
the local heating of some of the junctions in the array, ngni
some junctions into normal mode. ACKNOWLEDGMENT
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