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Abstract—At microwave frequencies, Josephson junction ar-
rays have been widely employed to create metamaterials ex-
hibiting a third-order ()((3)) nonlinearity, analogous to the Kerr
effect in optics. These nonlinear metamaterials enable para-
metric amplification, as in Josephson Travelling-Wave Paramet-
ric Amplifiers (JTWPAs), which achieve quantum-limited noise
performance over multi-gigahertz bandwidths. The exceptional
properties of JTWPAs make them ideal for the sensitive read-
out of weak microwave signals, with applications in quantum
computing, astrophysics, and fundamental physics experiments.
Extending JTWPAs to higher frequencies, such as the W-
band (70-110 GHz), holds promise for first-stage amplification
in astronomical receivers, lowering system noise; as well as for
reading out emerging superconducting qubit architectures at
these frequencies. In this work, we investigate the x<3) nonlinear
properties of Josephson arrays operating in the W-band as
a step toward realising parametric gain at these frequencies.
We designed and fabricated an array composed of 704 Nb/Al-
AlO4«/Nb tunnel junctions and experimentally demonstrated four-
wave mixing via idler tone generation, providing clear evidence
of third-order nonlinearity. These results mark an important
step toward novel millimetre-wave and sub-millimetre-wave
parametric-amplifier-based receiver technologies.

Index Terms—Josephson junction, Metamaterial, Millimetre
wave, Parametric Amplification, Travelling Wave.

I. INTRODUCTION

The nonlinear properties of Josephson junctions have been
widely exploited for application ranging from microwave to
terahertz (THz) frequencies [1]. In the microwave regime,
Josephson junctions constitute the building-block for many
important applications, e.g., the voltage standard [2] and low-
noise parametric amplifiers. The latter is a critical component
for many ultra-sensitive physics experiments and instruments.
Josephson Parametric Amplifiers (JPA), based on resonant cir-
cuits, have demonstrated quantum-limited noise performance
[3], and have been widely used in quantum computing plat-
forms for the single-shot readout of superconducting qubits
[4]-[6], boosting the signal-to-noise ratio (SNR) of the sys-
tem. Recently, the quest for larger JPA dynamic ranges has
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prompted the use of Josephson arrays, diluting the Kerr-type
nonlinearity and hence increasing the compression point [7].
Despite their dynamic range improvement, JPAs suffer from
limited bandwidth, in the order of ~ 10 — 600 MHz [8], due
to the high-quality factor (Q-factor) resonant circuit needed to
increase the signal interaction with the nonlinear inductance
of the Josephson junctions [9].

Travelling Wave Parametric Amplifiers (TWPAs) solve the
resonant paradigm of the JPAs by unfolding the nonlinear
medium into a long transmission line made of either high-
kinetic-inductance films (KTWPA) [10] or Josephson-junction
array (JTWPAs) [11]. JTWPAs can be constructed by cas-
cading bare Josephson junctions or Superconducting Quantum
Interference Devices (SQUIDs) [12], [13]. When bare Joseph-
son junctions or DC-SQUIDs are used, the quadratic current-
dependent inductance of the individual junctions results in
a third-order x(®) nonlinearity in the array. Therefore, if a
strong pump tone (wp) co-propagates with a small signal
tone (ws) in the JTWPA, a four-wave mixing process yields
exchange of energy between the pump and the signal, resulting
in the amplification of the signal tone at the output of the
transmission line. An idler tone at frequency wi = 2wy, — ws is
generated in this process to conserve energy and momentum
of the system.

The quantum-limited noise and the broadband (in the order
of several GHz in the microwave regime) performance demon-
strated by TWPAs [11], [14], [15] have recently excited inter-
est in numerous research fields. TWPAs have been successfully
implemented for the readout of multiplexed qubit arrays [16],
easing the path for quantum computing scalability. They have
also been suggested and recently implemented for axion-like
dark matter search experiments [17]-[19] and the readout of
astronomical receivers [20], [21]. Furthermore, TWPAs have
been an enabling technology for many fundamental physics
experiments and concepts, e.g., the detection of spontaneous
photon decay [22], generation of broadband squeezed light
[23], [24] and microwave quantum radar applications [25].

In addition to their applications in the microwave regime,
this technology could find a broad range of applications at
higher frequencies. The millimetre (mm) and sub-mm wave-
lengths (30 GHz to 3 THz) are key astronomical windows that
probe cold interstellar medium and enabling the imaging of
astronomical sources such as black holes’ event horizons,
among others. TWPAs therefore could be used as the first stage
ultra-low noise amplifier for these astronomical receivers,



IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY ISSUE, VOL. X, NO. X, MAY 2025 2

improving the system noise temperature by at least a factor
of ~5 [26]. This translates to doubling the system sensitivity
and 4x increase in the observation speed, with a potential
larger impact in the THz range.

Beyond astronomy, at frequencies higher than microwaves,
superconducting qubits could operate at temperatures above
1 K and reduce the energy gap for signal conversion to optical
frequencies, facilitating the quantum computer scalability. As
a result, novel approaches to qubits operating in the W-band
(ranging from 75-110 GHz) have been suggested using high
kinetic inductance nano-wires [27], and recently demonstrated
using Nb/Al-AlO,/Nb junctions [28].

KTWPAs have been demonstrated to operate at frequencies
higher than microwaves [29], [30]. However, there is a lack
of exploration for JTWPA operation at these frequencies,
which could leverage the extended superconductor-insulator-
superconductor (SIS) tunnel junction fabrication infrastruc-
tures, making this technology more accessible to the scientific
community. Moreover, this development could enable the on-
chip integration of JTWPAs with SIS mixers, reducing inter-
connect losses and enhancing overall receiver performance.

As a foundational step toward realising JTWPAs in the
W-band, this work investigates the x*) nonlinear proper-
ties of a junction array specifically designed for opera-
tion around 90 GHz. We begin by outlining the key con-
siderations for extending JTWPA operation beyond the mi-
crowave regime, which inform the design of our junc-
tion array. The device comprises 704 junctions fabricated
using standard niobium/aluminium-aluminium-oxide/niobium
(Nb/AI-AlO4/Nb) trilayer tunnel junction technology. We
present both DC and RF characterisations of the array at
cryogenic temperatures, and discuss the implications of our
results for future applications in parametric amplification and
beyond.

II. JOSEPHSON ARRAY DESIGN

JTWPAs are formed by cascading a series of unit cells
comprising one or more nonlinear components, such as bare
Josephson junctions, creating a nonlinear superconducting
transmission line (STL). The current-dependent (/) nonlinear
inductance of the Josephson junction can be written as':

2
L) = Ly |1+ 5 (;) (1)

where L; is the intrinsic inductance of the junction defined as

5 = ?—f, where ¢ is the reduced magnetic flux quantum and
I, set the scale of the nonlinearity and is equal to the critical
current of the junction (I..).

This nonlinear inductance, at the origin of the x(*) nonlin-
earity in the JTWPA, leads to a current-dependent phase shift
for electromagnetic waves propagating through the STL, which
can degrade gain and bandwidth if uncorrected. To compensate
for this phase mismatch and improve gain, dispersion engineer-
ing techniques are employed to modify the line’s dispersion

IThis expression consists of an approximation based on a second-order
Taylor expansion for I /I, < 1, which estimates the inductance to a relative
error < 5% up to I /1, = 0.6.
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Fig. 1. (a) Circuit diagram of a JTWPA and its operational principle. An input
strong pump (Ap) and a weak signal (As) tone propagate in the JTWPA
resulting in signal gain and the generation of an idler (A;) tone. Ground-
shunted LC' resonators (red) are added for Resonant Phase Matching (RPM).
(b) Josephson junction array model used in our analysis. The zoom-in shows
the unit cell, where a, Cs, C’j and L correspond to the physical length,
the shunt capacitance to the ground, the junction capacitance and nonlinear
inductance per unit cell respectively.

relation locally. Two common approaches are resonant phase
matching (RPM) — which introduces shunted LC' resonators
periodically along the line — and impedance loading, where
the line’s impedance is periodically modulated. A schematic
of a JTWPA implementing RPM is shown in Fig. 1(a).

While dispersion engineering significantly improves gain
and bandwidth, it does not affect the fundamental frequency
limitations of the JTWPA. Therefore, to investigate these
limitations, we adopt a simplified junction array model that
captures the essential physical behaviour of the metamaterial
medium. As shown in Fig. 1(b), each unit cell in this model
consists of a junction capacitance Cj, a junction nonlinear
inductance L(I), and a shunt capacitance to ground Cj, which
arises from the geometry of the transmission line.

A. Design considerations for W-band operation

We start the design process by identifying factors that may
limit the operation of a junction array in the W-band, which
firstly relate to the superconducting gap frequency (fa) of the
tunnel junction; since photons with frequency f > fa will
break the Copper pairs, and hence the superconducting state.
Most of the recent JTWPAs use aluminium junctions [12],
[13], [31], leveraging the maturity of this technology for qubit
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Fig. 2. (a) Cutoff frequency (fc) of a junction array plotted against the

critical current density of the junctions (J¢) for different junction’s area (Aj;),
with a shunt capacitance value of Cs = 0.3fF and (b) Cs = 6.5fF. A
cutoff frequency higher than twice the operation frequency of our device i.e.,
fe > 180GHz, is shaded in grey. Insets shows the zoom-in plots focusing
on range near 180 GHz.

applications. However, the low gap frequency of aluminium
(fa =~ 90GHz) limits its application to the microwave
regimes. For operation in the W-band, we opt to use Nb/Al-
AlO4/Nb junctions, where fa ~ 680GHz and their trilayer
fabrication technique has been largely matured in the past
decades.

Numerous JTWPAs implementations make use of silicon
dioxide (SiOg) parallel plate capacitors [11] or inverted mi-
crostrip with an aluminium oxide (Al O3) dielectric layer [12],
[13] to increase Cy, and thus match the device to the 502
environment. These dielectric materials exhibit frequency-
dependent losses, with reported loss tangent values up to
tand ~ 6 - 1073 [32]. Therefore, we opt for a coplanar
waveguide (CPW) geometry for our array to avoid the use
of lossy dielectric materials. Furthermore, operating our de-
vice in the W-band means that we are not confined to a
502 environment, since the device will be mounted in a
waveguide environment with waveguide-to-CPW transitions
that generally have higher characteristic impedance around
100 2. This reduce the required C; value, allowing us to utilise
interdigitated capacitors, which do not need any dielectric
layer.

Finally, the cutoff frequency (f.) of the junction array
forming the JTWPA will also determine the upper frequency

limit? [33]: we = 2w / (/1442 , where wy = 1/,/T;Co
J

is the cutoff frequency of the STL and w; = 1/,/L;Cj is
the plasma frequency of the junctions. Both L; and Cj are
correlated and is dependent on the critical current density
(Je) and the size (Aj;) of the junction. In Fig.2(a), we plot
fc as a function of J, for different values of Aj, with Cj
fixed at 0.3 fF to account for the shunt capacitance of a CPW
with approximately 2 um gap (value obtained from Sonnet®
[34]). As can be seen, f. increases with J. as expected, since
L; decreases with J. resulting in an increased wj. On the
other hand, Aj; has a negligible effect on f. as the junction
plasma frequency is dominating for small values of Cs. In
this scenario, Lj oc 1/Aj;, and Cj oc Ajj, they therefore
counterbalance the effect of A;;.

The nonlinear inductance in JTWPAs also leads to the
generation of unwanted harmonics and intermodulation prod-
ucts, limiting the desired wave-mixing process that underpins
signal amplification. In microwave implementations, these
spurious signals are often naturally suppressed by the strong
dispersion near the cutoff frequency of the device. We adopt a
similar strategy in our junction array design. Since our target
operational band is centered around f, = 90GHz (within
the W-band), we set the cutoff frequency to f. = 2fy =
180 GHz. This choice helps suppress higher-order harmonics
and intermodulation products, therefore avoiding pump de-
pletion and potential Copper pair breaking in the material.
From Fig.2(a), we reach this value with .J, ~ 3.16kA/cm?.
However, assuming A;; = 0.5 pm2, the small C; value results
in Zy ~ 300¢), complicating the design of a waveguide-to-
CPW transition’. As shown in Fig.2(b), increasing the shunt
capacitance to Cy = 6.5fF, would allow us to reduce the
characteristic impedance to Zy = 702 for the same Aj; with
J. ~ 3.4kA/cm?, while still maintaining f. = 180 GHz.
This not only eases the design of the waveguide-to-CPW
transition, but also reduces the phase-velocity of the array,
further reducing the number of junctions required to achieve
signal gain. Therefore, we fix the junctions parameters for our
design to J. ~ 3.4kA/cm?, Aj; =05 pmg, and Cy = 6.51F.

B. Gain simulation and coupling strategy

To convert the electrical parameters into physical dimen-
sions, we use the 3D electromagnetic simulator Ansys® HFSS
[36] to ensure an accurate representation of the electromag-
netic behaviour of the STL. The unit cell model of our device
is shown in Fig.3(a). The length of the interdigitated stub
capacitors of the CPW is optimised to reach Zp, = 70,
with C; ~ 6.5fF. We further added equipotential ground
bridges to suppress the potential generation of slotline mode
at high frequencies. The topology of our device incorporates
a 400nm Nb bottom layer, with a 200nm SiOs spacer layer
separating the bottom and the top Nb layer (400 nm). Both
Nb layers are connected through a pair of 0.5um? junctions

2 A more exhaustive model could include a geometrical inductance in series
with the junction.

3Larger junctions result in smaller L;j and therefore would also require a
larger number of junctions to reach the same gain in a JTWPA.



IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY ISSUE, VOL. X, NO. X, MAY 2025

(@)

20
— L/L.=04
RO |
— — I,/L.=06
g
= 10 1
<
@)
5 - -
0 1
70 80 90 100 110
Frequency (GHz)
Fig. 3. (a) Layout of our device unit cell modelled in HFSS, showing the

bottom layer (light green), spacer (yellow), top layer (dark green) and the
junctions (red). The pink 2-D structures represent the input and output port
in the HFSS model. (b) Simulated gain curve following the techniques in
[35] for a 704-junctions array when pumped at three different levels of pump
power over critical current Iy, /I

with L; = 19.4pH and C; = 37.6fF. The S-parameter of
the simulated unit cell is cascaded 352 times (704 junctions
in total) to form the entire array. Despite not implementing
dispersion engineering techniques, our array holds the poten-
tial to generate usable signal gain when applying a pump
tone at 90 GHz. To simulate the expected gain, we extract
the propagation constant relation of the STL and solve the
coupled-mode equations following the technique presented in
[35]. The results for different pump power (I,) values are
plotted in Fig.3(b). With this design, we expect reaching a
signal gain of ~ 15dB with I;,/I, = 0.6 and a bandwidth of
~ 10 GHz.

For operation in W-band, we have to mount our device in
a WR-10 waveguide environment, instead of interfacing with
the commonly used microwave connectors. To achieve this, we
need to couple the TE 3 mode propagating in the waveguide
into our CPW chip. This transition can be realised using a
probe antenna. Using Ansys HFSS, we simulate a Nb probe
antenna on a 100 pum thick high-resistive silicon substrate,
and we optimise the geometry (Fig.4(a)) to maximise power
coupling in the W-band range while matching the output
impedance of the probe antenna to Zy = 70 Q2. Fig. 4(b) shows
the S91 and S7; simulated, where the return loss is less than
—15dB from 70 GHz to 100 GHz. A pair of these antennas is
then connected to the input and output ports of the array to
couple the energy from the input waveguide to the chip, and
from the chip to the output waveguide.
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Fig. 4. (a) The probe antenna design modelled in HFSS including the WR-
10 rectangular wavaguide and the backshort. The geometry is optimised
to maximise the coupling in the W-band. (b) Simulation results of the
transmission (blue) and return loss (red) for the probe antenna matched to
a Zo = 70 CPW port. The return loss is kept below —15dB from 70 to
100 GHz.
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Fig. 5. Layout of the JTWPA showing a meandered STL structure to reduce
the size of the chip and therefore eliminate possible resonant modes in the
substrate.

III. DEVICE FABRICATION AND SCREENING

The layout of the Josephson array chip with the probe anten-
nas is presented in Fig. 5, which has a meandered transmission
line geometry to reduce the chip size, and hence suppress
the generation of resonant modes in the substrate within the
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Fig. 6. (a) Microscope image of one of the fabricated devices. The zoom-in
image shows the main structures of a unit cell. (b) Cross-section representation
of the unit cell, the materials and identifiers of the different layer are stated
on the figure. The representation is not drawn to scale.

W-band range. Fig.6 shows the microscope images of the
fabricated devices, with a cross-section schematic. The devices
were fabricated using the established Nb/AI-AlO,/Nb trilayer
fabrication process. We briefly summarise the fabrication steps
here for completion, but for a detailed description of this
technique, we refer the reader to [37].

We start with a 280 um high-resistance (R > 20, 000 £2-cm)
2-inch silicon wafer where we sputter an ~70nm SiO;
protective layer (Fig.6(b), dark yellow), required for later
steps. The trilayer is then grew using a sputtering machine,
with oxidation inside the chamber (Fig. 6(b), light green and
red). The oxidation parameters (oxidation time t,, = 3h and
pressure P, = 1.6Pa) were determined a priori to achieve
J. = 3.4kA/cm? [38]. Next, we use Reactive Ion Etching
(RIE) to remove the trilayer’s upper niobium layer within the
spacer region. Conventionally, a single photolitography step is
used to define the spacer region around the junction. In our
case, given the small area of the junctions, we expose the resist
in the junction area using an electron beam, and the rest of the
device (except the spacer region) using photolithography. After
resist development, this exposes the spacer region where the
top niobium of the trilayer is removed using RIE. The SiO,
protection layer avoids etching of the substrate during this
step. Next, we evaporate 20 nm Al,O3 and sputter 200 nm
SiOq layer (Fig.6(b), light yellow and brown) to create the
spacer layer. Then, we sputter a ~ 400nm niobium top
layer interconnecting the junctions (Fig. 6(b), dark green) and
layers of titanium and gold are added to the sides of the
chip to facilitate the connection to the ground (not shown in
Fig.6). Finally, we mechanically polish the wafer to reduce
the thickness to 100 pm.
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Fig. 7. Experimental setup for the measurement of the current-voltage (IV)
relation of our devices. (a) Sample holder where the test device sits. (b) Sample
block containing the wiring connections to the chip through ‘pogo’ pins. (c)
Sketch of the dipstick setup.
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Fig. 8. IV curve measured for our Josephson array device applying an upwards
(black) and downwards (red) voltage sweep. The curve shows a gap voltage
Vgap ~ 2V, and an average normal resistance value of Ry = 180 &+ 7kQ2
— corresponding to an average critical current value of I = 8.43 £ 0.2 pA.

To DC-screen the fabricated devices, we include a frame
structure in our design that allows us to check for open- or
short-circuit (to the ground) defects in each device. Fig.7
shows the experimental setup used for these measurements,
consisting of a dipstick where the test chip is mounted on a
sample holder and the electrical contacts to the chip are made
through ‘pogo’ pins. The dipstick is dipped into liquid helium
to characterise our devices at T' ~ 4 K.

The measured current-voltage (IV) curve of our device is
plotted in Fig. 8, which resembles the standard IV curve for
an under-dumped Josephson junction (note the hysteresis with
voltage sweep), with a gap voltage proportional to the number
of junctions in the device Vgap 70435 = 704X Viap 135 = 704 X
2.85mV ~ 2V. The measured data was calibrated following
the technique described in the Supplementary Material.

To estimate the critical current of the junctions, we mea-
sured the devices’ normal resistance value of R, = 180+7 k).
Dividing this value by 704, i.e., the number of junctions
in the device, and using the Ambegaokar-Baratoff formula
for tunnel junctions [39], we infer the junctions’ average
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critical current value* I, = 8.43+0.2 pA, substantially smaller
than the targeted I. = 17pA. This result likely originates
from a ~ 50.4 % reduction of the junction size, in line with
measurements performed in other devices fabricated following
the same recipe. Assuming ~ 50.4 % smaller junctions and an
I. = 8.43 £ 0.2pA, we re-estimate the cutoff frequency of
the device to f ~ 122 GHz (the implications of this will be
further discussed in Sec. V).

IV. RF CHARACTERISATION

This section presents the RF characterisation of the Joseph-
son array device. All the measurements were performed at 1 K,
unless otherwise stated.

A. Cryogenic system and mounting technique

The RF characterisations were performed using the cryo-
genic platform depicted in Fig.9(a), where a cryocooler is
used to cool the system down to 4 K and a helium-4 sorption
cooler further decreases the temperature of the cold-plate to
1 K. The system is equipped with four WR-10 waveguide lines,
and our device is mounted in a WR-10 waveguide copper
split-block interfacing the waveguide channels of the system.
The split-block consisted of two curved WR-10 waveguides,
interconnected with a groove to accommodate the Josephson-
array chip (Fig.9(b)). The groove has a channel of 300 um
wide and 200 um deep underneath the chip to suppress possible
resonant modes in the substrate. As shown in Fig.9(b), the
device is manually aligned to the groove slot and silver dust-
arrester-ground (DAG) paint is applied at the edges of the chip
to ground the device.

B. Transmission measurement

The transmission spectrum of our device was measured
using the experimental setup presented in Fig.10(a). The
signal from the Vector Network Analyser (VNA) and the
pump tone from a signal generator are up-converted with
frequency multipliers to the W-band, and combined at room
temperature before injecting to the device under test (DUT).
Fixed attenuation inside the cryostat reduces the estimated
—68 dBm room temperature thermal noise to —98 dBm, well
below the critical current limit for our device P, = —51 dBm.
Additional variable attenuators outside the cryostat are used to
adjust the signal and pump power reaching the DUT. A pair of
isolators is connected to the DUT to protect the device from
possible power reflections. The output spectrum of the DUT
is then amplified using a room temperature amplifier before
being down-converted and readout with the VNA.

Fig. 10(b) shows the measured transmission profiles, cali-
brated with the room temperature transmission data measured
through a blank feedthrough line replacing the DUT, for
different values of the variable attenuator in the signal path
(as). We estimate the power at the input of our device of

“Note that the the measured switching current underestimates the average
junction I, likely due to premature and cascade switching dominated by
the weakest junctions. We extract the I from the normal resistance via the
Ambegaokar—Baratoff relation, yielding a more accurate ensemble-average
value.

(a)

Fig. 9. (a) Cryogenic platform used for the RF measurement of our devices.
The devices under tests (DUTs) are mounted at the 1K stage equipped with
waveguide lines. (b) Microscope image of our device mounted in the WR-10
waveguide split-block. The RF signal is coupled in and out of the chip through
curved waveguide structures. Zoom-in image: The chip is manually mounted
on a groove connecting both waveguides, using silver DAG to connect the
CPW ground to the copper block and to hold the device.

P, =-62, —52 and —42dBm for «g values of 40, 30
and 20dB respectively. Assuming an ideal signal coupling
into our device, we would expect to observe a flat 0dB
transmission for P, less than —51 dBm, and a sudden drop
in transmission for ag = 20dB when the input power exceeds
Pr,. However, for all the a5 settings, we observed over 30 dB
of unexpected losses with periodic features that cleared up
with lower attenuation. These losses could originate from
coupling issues and internal loss mechanisms in the device,
a detailed discussion is given in Sec.V. As a result of these
losses, the actual power in the device for ay = 40dB may
be at —92dBm, close to the room temperature noise level,
resulting in a poor SNR. Therefore, when we increase P, by
decreasing the attenuation, we couple more energy into our
device and the SNR improves as shown in Fig. 10(b). However,
due to the quasi-fixed setting of the system, we are unable to
further reduce the attenuation beyond 20 dB, hence we could
not observe the breaking of superconductivity by exceeding
the critical current within our device.

Based on the previous results, we fix as = 20dB, i.e., Ps ~
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Fig. 10. (a) Experimental setup for the RF transmission measurement. (b)
Transmission profile of the device with different applied signal power Ps
levels. (c) RF transmission when pumped with different pump power P,
levels. All the values in the legends indicate the estimated power at the input
of our device.

—72dBm at the device after taking into account the 30 dB loss,
and apply a pump tone with f, = 92 GHz. We measure the
transmission profiles for different values of variable attenuator
in the pump path resulting in a pump power P, = —61, —59
and —51dBm at the input of the device (after loss)’. The
results are plotted in Fig. 10(c), which clearly show that the
periodic features in the transmission profile shift in frequency
with increasing pump power. This indicates a change in the
phase velocity of the transmission line with pump power, an

5The total power coupled into the device is dominated by the pump power
in this case, since the signal power is marginal at —72 dBm, hence we quote
only the pump power in the text.
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Fig. 11. Experimental setup for the measurement of the 4WM idler. The
output signal from the DUT is down-converted to the microwave regime using
an IQ-mixer instead of down-converter. A terminated 90-degrees hybrid is
used to reject the image band of the mixer, and the down-converted signal is
read using a spectrum analyser.

evidence of the nonlinear inductance of the junctions forming
the array. Focusing on the regime between 90-94 GHz, we
further observed a sudden drop in transmission power for P, =
—51dBm (after loss), suggesting that some of the junction
may have transitioned to their normal state, as the input pump
power is just above Pr, = —52dBm. Note that the losses
distribution accross the array are hard to estimate from the
measurements, and could be frequency-dependent, which may
explain why a sudden transmission drop is not observed across
all the frequencies.

C. Four-wave mixing (4WM) processes

To further confirm the x(®) nature of the nonlinear effects,
we perform a measurement of four-wave mixing (4WM) by
applying both a pump (wp) and a signal (ws) tone to the
device. In the presence of 4WM interactions, an idler tone
is expected to be generated at the frequency w; = 2w, — ws.
The experimental setup, shown in Fig. 11, consists of injecting
the two tones into the device under test (DUT), followed by
down-conversion to the microwave regime using an IQ mixer
in conjunction with a quadrature hybrid. One output port of the
hybrid is terminated to suppress the image band of the mixer,
while the other port is connected to a spectrum analyser for
signal detection.

We search for the idler generation in the 85-85.5 GHz range
where the transmission is less lossy. We fix the pump fre-
quency at f,, = 85.235 GHz and the local oscillator frequency
for the mixer at fo = 80GHz. The results measured for
different signal frequencies, when o = 50dB and o, = 0dB,
are plotted in Fig. 12(a)-(c). In addition to the signal and pump,
we notice two spurious tones from the pump that are fixed
in frequency around the pump, which originated from the
synthesiser used to generate the pump tone. Apart from this,
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Fig. 12. Power spectrum density (PSD) measured using the setup in Fig. 11
with the setting as = 50dB, ap = 0dB, fp = 85.235GHz and fro0 =
80 GHz, when applying a signal tone at (top plot) fs = 85.44 GHz, (center
plot) fs = 85.32GHz and (bottom plot) fs = 85.254 GHz. The two tones
around the pump is associated the frequency synthesiser generating the pump
and LO tones. An idler tone at w; = 2wp — ws appears for all the measured
signal frequencies, as expected.
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Fig. 13. Measured power of the idler tone for o, = 0dB, as = 50dB
and f, = 85.235GHz when sweeping the signal frequency. The x-axis
corresponds to the W-band frequency of the idler.

we can clearly see that an idler tone is always generated® at
wj = 2wy, — ws. This 4WM process demonstrates the expected
x> nonlinearity of the Josephson array in the W-band.

To further confirm that the observed idler tone is indeed
generated from our device, we re-ran our experiment by
connecting the output of the —3 dB coupler to the input of the
readout amplifier (bypassing the cryogenic stages including
the DUT), via an extra 30dB room temperature attenuator
to replicate the attenuation setting inside the fridge. Using the
same fp,, fs and fr,o as before, we adjust the pump and signal
powers i.e., 50 < ag < 70dB and 10 < o, < 28dB, and no
idler tone is observed.

Finally, in Fig.13, we fix o = 50dB, o, = 0dB, and
fp = 85.235GHz, then we sweep the signal frequency
and record the idler frequency and amplitude read from the
spectrum analyser. From the plot, we see that the measured
idler amplitude reaches higher values around the pump fre-
quency, where the phase-matching condition that maximises
the 4WM process is optimal. Although the Josephson array
design should support the generation of signal gain, we did

5The reduced idler amplitude compared with the signal is an expected
outcome in a lossy transmission line. As the signal propagates, attenuation
reduces its strength, which in turn lowers the efficiency of idler generation.
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Fig. 14. (a) Calculated transmission with frequency of the Josephson array
for the targeted (blue) and measured (red) I. value. Both calculations assume
tand = 3 - 1074 for the SiOs layer. (b) Zoom-in around 90 GHz. (c)
Transmission around 90 GHz calculated with I. = 8.43pA for different
values of tand for the SiO2 layer. The blue curve shows the most realistic
value of tand.

not observe this effect likely due to the unexpected high losses
in the device. Nevertheless, these idler measurements clearly
show the prospects of developing x®) nonlinear metamaterial
lines required for operating JTWPAs at high frequency in the
mm-wave frequency range.

V. LOSSES DISCUSSION

The unexpected losses observed in Fig. 10 prompted a
more detailed analysis. A natural explanation could be the
reduced measured I, of the junctions, which lowers the cutoff
frequency of the array, hence increasing the losses in the W-
band. To investigate this, we re-simulated the unit cell in Ansys
HFSS using the measured value of 1. = 8.43 A, and cascaded
the response to obtain the theoretical transmission profile of
the full array. Fig. 14(a) compares the simulated transmission
of the original design unpumped (blue) with that of the updated
model using the measured I, unpumped (red). In both cases,
the observed oscillations arise from the frequency-dependent
impedance of the array, leading to mismatch with the sim-
ulation ports. Note that the original design was optimised to
match Zy = 70 Q) around 90 GHz when pumped, therefore, the
larger impedance mismatch compared to the updated model. A
zoomed-in view of the transmission near 90 GHz is shown in
Fig. 14(b). While the reduced I. does result in higher losses,
the effect is relatively minor, on the order of only 0.4dB at
90 GHz.

In our initial simulations, we assumed a loss tangent of
tand = 3-10~* for the SiO dielectric layer. However, recent
measurements on devices fabricated using the same process
indicate a significantly higher value of tand = 4.5 - 1073,
Due to the number of ground bridges utilised in our array,
the dielectric losses could be significant. To assess the impact
of this higher loss tangent, we fixed the critical current at
I. = 8.43pA (measured value) and re-simulated the unit
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Fig. 15. (a) Image of the probe antenna misalignment under the microscope.
(b) Top view of the probe antenna Ansys® HFSS model including the
misalignment. (c) S2; results of the input probe antenna simulation for
different values of Ax. (d) S12 results of the output probe antenna simulation
for different values of Ax.

cell for various values of tand. The resulting transmission
curves for the full array are shown in Fig. 14(c). For the more
realistic value of tand = 4.5 - 1073 (blue), we observe a
substantial increase in insertion loss, reaching approximately
4dB at 90 GHz. When tan § is doubled (green), the losses rise
further to around 6.5 dB. These results highlight that, despite
efforts to limit dielectric involvement, dielectric losses still
have a significant impact on device performance and should
be carefully considered in future designs.

The measured critical current of I, = 8.43 uA also affects
the characteristic impedance of the transmission line, increas-
ing it from the original design value of 70 {2 to approximately
88 Q. This change influences the impedance matching and
thereby alters the coupling efficiency of the probe antennas.
Additionally, inspection of the device under a microscope
(Fig. 15(a)) reveals a slight misalignment of the chip within
its mounting groove. This misalignment displaces the input
and output probe antennas by a distance Az from their
optimal coupling positions. From the image, we estimate
Az ~ +120um for the input, resulting in an equivalent
displacement in the opposite direction for the output antenna
ie., Ax = —120um. To evaluate the effect of this displace-
ment, we used our Ansys® HFSS model of the probe antenna
(Fig. 15(b)) and simulated the antenna performance with the
updated array impedance of Z; = 88(). In our simulations,
we define the waveguide as port 1 and the CPW port as port
2. Fig. 15(c)&(d) plot the transmission profile of the input
antenna (So1) and the output antenna (S12) for different Ax
values respectively. A displacement of Az = 4120 um at the
input (Ax = —120um at the output) leads to an additional
coupling loss of approximately 0.1 dB at 90 GHz (0.5 dB at the
output). These findings indicate that mechanical misalignments
contribute to the coupling losses, although they are unlikely
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Fig. 16. Analysis of the junction’s area spread across the array. (a) Histogram
of representative dataset with 704 junctions where Aj; follows a normal distri-
bution centre at Ajj,o = 0.25 um? and standard deviation of o = 0.27- Aj; 0.
(b) Calculated So1 of the array using the dataset in (a) (blue solid line), and
the averaged value for 2,000 different datasets with Aj; o = 0.25 pm? and
0 = 0.27 - Aj;,0 (red dotted line). (c) Zoom-in around 90 GHz.

to be the main source of losses in our device.

The spread in the junction area Aj; may also introduce
unanticipated losses. Variations in Aj; along the transmission
line lead to corresponding changes in the junction capacitance
C; and inductance Lj;, thereby affecting the cutoff frequency
and impedance. These fluctuations can cause impedance mis-
matches, resulting in signal reflections and degradation of the
transmission characteristics, more importantly reducing the
cutoff frequency. To investigate this effect, we generated a
random dataset of 704 junctions, with A;; following a normal
distribution centered at Ajj o = 0.25um? — the estimated
junction area based on the IV curve measurements — and a
standard deviation o = x - Aj; o, where x characterises the de-
gree of spread. A histogram of one such dataset with x = 0.27
is shown in Fig. 16(a). Using this distribution, we calculated
the corresponding circuit parameters and constructed the unit
cell ABCD matrix assuming the design value Cs = 6.5fF.
These ABCD matrices were then cascaded and converted into
S-parameters to evaluate the transmission of the entire array.

The blue solid line in Fig. 16(b)&(c) show the correspond-
ing transmission response, Sa1, for the dataset presented in
Fig. 16(a). The S3; profile reveals pronounced oscillations
that arise from variations in the Aj; distribution — consis-
tent with the features observed in our measured device. By
averaging the transmission across 2,000 different datasets,
we obtain the smoother response shown as the red dashed
line in Fig. 16(b)&(c). This result demonstrates that an area
spread of o = 0.27 - Ajj o yields an average insertion loss of
approximately 30dB around 90 GHz, in agreement with our
experimental observations.

Other potential sources of losses include the presence of
two-level system (TLS) losses arising from the dielectric
spacer layer in the device. However, TLS-related losses are
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typically temperature-dependent and prominent only at low
temperatures. In our case, we observe no significant difference
in device behaviour between 4K and 1K, suggesting TLS
losses are not the dominant mechanism. Another possibility is
the presence of trapped magnetic flux, which can introduce ex-
cess dissipation. However, this would likely lead to cooldown-
dependent variations in transmission characteristics, which we
have not observed across repeated measurements. Finally, the
poor electrical grounding of the chip due to an insufficient
amount of silver DAG could also deteriorate the transmission.
However, this effect is difficult to quantify quantitatively.

To conclude, although we have analysed the various po-
tential sources of loss individually, it is important to note
that these mechanisms can act concurrently within the device,
collectively contributing to the measured transmission profile.
Based on our analysis, the dominant contributions to the
observed losses are most likely the dielectric losses associated
with the ground bridges and the variation in junction area
across the array. These findings highlight the critical impor-
tance of ensuring uniformity in the junction area, particularly
when the device operates near its cutoff frequency, as is the
case in our design.

VI. CONCLUSION

The third-order nonlinearity (y(*)) of a Josephson array
is the key mechanism enabling parametric amplification in a
bare-junction Josephson Travelling-Wave Parametric Ampli-
fier JTWPA). In this work, we have investigated the primary
design constraints for operating JTWPAs in the W-band, using
a Josephson array model. This analysis led to the design of a
Josephson array tailored for W-band operation, with a targeted
cutoff frequency around 180GHz. The array, consisting of
704 Nb/Al-AlO4/Nb junctions with a designed critical current
of I, = 17pA, was subsequently fabricated. However, DC
characterisation of the fabricated array yielded a lower value of
I. = 8.43+0.2 pA, likely due to a 50.4 % reduction in junction
area caused by side-wall oxidation during fabrication. RF
measurements revealed approximately 30dB of loss. Further
analysis suggests the effect of the junction area spread across
the array and the dielectric losses from the ground bridges
as the main contributors to the losses. Despite these losses,
we observed clear evidence of x(®) nonlinearity through the
generation of a four-wave mixing idler around 85.25 GHz.
These results demonstrate the feasibility of creating nonlinear
transmission lines operating in the W-band, paving the way
for the development of novel millimetre-wave devices based
on Josephson junction technology.
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