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Abstract
Superconducting Parametric Amplifiers (SPAs)with near-quantum-limited added noise are crucial
for weak signal detection applications such as astronomical receivers, quantumcomputation, and
fundamental physics experiments. Commercially available SPAs include Josephson Parametric
Amplifiers (JPAs), which offer high gain but narrowbandwidth performance; and Josephson-
junctionTravellingWave Parametric Amplifiers (JTWPAs), which provide broader bandwidth at the
cost of a complicated fabrication procedure, lower fabrication yield, and larger footprint area. In this
paper, we investigate the parametric amplification ofmicrowave signals in a Josephson array
embedded in a low-Q Fabry-Pérot cavity.We fabricated a 500-junction array device andmeasured
>15 dBphase-preserving gain over a∼350MHzbandwidth, while offering almost two orders of
magnitude improvement in compression point (P1dB= −106.2 dBm) compared to standard JPAs.
Furthermore, using a novelmeasurement technique, we configured our device to operate in the
phase-sensitivemode,measuring a phase-sensitive extinction ratio (PSER) of 42.3 ± 2.81 dB, in line
with state-of-the-art values for JPAs. These promising performances, combinedwith the ease of
fabrication and improved yield comparedwith JTWPAs, underscore the potential of these devices for
applications in advanced detection schemes.

1. Introduction

Microwave low-noise amplifiers (LNAs) are essential components for the readout of extremelyweak signals.
Their applications span fromastrophysics, reading the output signal of receivers such as Superconductor-
Insulator-Superconductor (SIS)mixers andMicrowaveKinetic InductanceDetectors (MKIDs) [1, 2], to
superconducting quantum computation platforms, permitting the dispersive readout of superconducting
qubits [3]. Other applications include axion-like dark-matter particle search [4, 5] and fundamental physics
experiments such as the detection of spontaneous down-conversion in Josephson junctions [6] and resonance
spin electron experiments [7]. Phase-preserving amplifiers, where both the quadratures of the input signal are
amplified, inherently add somenoise in the amplification process as limited by theHeisenberg uncertainty
principle [8]. In themicrowave regime, Superconducting Parametric Amplifiers (SPAs) are the leading
technology for quantum-limited amplification. SPAs utilise low-loss, nonlinear inductive elements as the
medium forwavemixing and amplification. These elements include the current-dependent inductance of
Josephson junctions (JJs), the flux-dependent inductance of superconducting quantum interference devices
(SQUIDs), and the high kinetic inductance of disordered superconducting films.When a high-amplitude
pump at frequencyωp and a low-amplitude signal at frequencyωs are injected into an SPA, the pump tone
modulates the system’s inductance, enabling energy transfer from the pump to the signal tone and thereby
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amplifying the signal. In this process, an idler toneωi is generated for energy andmomentum conservation, i.e.,
2kp= ks+ ki (kp= ks+ ki) for a four(three)-wavemixing process, where kn is thewavector associated to theωn
tone, and n= {p, s, i}.

The past two decades have seen a rapid development of SPAs, particularlywith the implementation of the
lumped-element Josephson Parametric Amplifier (JPA) [9]. Traditional JPAs embed a single (or a few) Joseph-
son junction(s) in an LC resonator/cavity to enhance the interaction time between the pump and the signal.
This results in high narrow-band gain around the resonance frequency.Despite their high gain (∼15 to 30dB),
simple fabrication and design, the bandwidth and compression point of JPAs are often limited to∼100MHz
and∼ −120 dBmrespectively, complicating certain applications such as simultaneousmulti-qubit readout. To
circumvent these limitations, JosephsonTravellingWave Parametric Amplifiers (JTWPAs)were developed [3].
JTWPAs use an array of thousands of Josephson junctions embedded in a long transmission line to provide the
requiredmixing time and length for amplificationwhile the electromagnetic tones propagate through the
device. By removing the resonant architecture of JPAs, JTWPAs achieve high gain (> 20 dB) over amuch larger
bandwidth, in the order of a fewGHz.However, achieving this performance requires exceptional uniformity in
the Josephson junction parameters, as variations can degrade gain andnoise performance [10–12].Moreover,
the large number of componentsmakes JTWPAsmore susceptible to fabrication defects such as open-circuited
junctions and pinholes [13, 14]. In addition, JTWPAs face intrinsic challenges such as pumpdepletion, which
can further constrain their operational gain and dynamic range [15].

Ultimately, an ideal quantum-limited amplifierwould have a high compression point, as well as high gain
over a large bandwidth, whilemaintaining ease in the fabrication. To that end, impedance-matching techni-
ques have been recently explored to increase the bandwidth of JPAs [16, 17]. Furthermore, several studies sug-
gested using JJ arrays instead of single junctions in JPAs to improve their compression point [18, 19]. In this
paper, we follow this latter approach to develop a device that could bridge the gain-bandwidth gap between
resonant JPAs and JTWPAs.Our device consists of an array of JJs embedded in a lowquality factor (Q) cavity,
hereafter referred to as a StandingWave Parametric Amplifier (SWPA). Themoderate number of junctions
required for the SWPA facilitates its fabrication yield compared to JTWPAs, while demonstrating an improved
bandwidth and compression point against conventional JPA implementations [9, 20, 21].We report the obser-
vation of four-wavemixing (4WM)phase-preserving gain (>15dB)when pumped around different orders of
cavitymodeswith an enhanced bandwidth, up to∼350MHz, and a compression of∼ −100 dBm. Further-
more, we report on the observation of phase-sensitive amplification in this device using a novelmeasurement
technique, demonstrating the potential of SWPAs to generate squeezedmicrowave states [22].

2.Device topology

These SWPAdeviceswere fabricated as part of our effort to develop a broadband JTWPA. Before embark-
ing in fabricating a JTWPA that requires thousands of Josephson junctions coupledwith phase-matching and
impedance-matching elements, we commence our programmewith these relatively simple devices to better
understand the fabrication yield of Josephson arrays. In the SWPApresented in this paper, we embedded 500
niobium (Nb) Josephson junctions along the central strip of a 50Ω superconducting niobiumcoplanarwave-
guide (CPW) transmission line, depicted in figure 1. Amicroscope image of the device is shown in figure 2(a),
with a cross-section schematic view of the different layers in figure 2(b). The junctionswere fabricated using a
standard niobium trilayer technique (details in the SupplementaryMaterial).

The inclusion of the junction arraymodifies the characteristic impedance Z0 of this section,moving it away
from the nominal 50Ω value, thus creating a Fabry-Pérot or etalon cavity. Consequently, the signal, pump, and

idler tones reflect partially at the two ends of the cavity, with a reflection coefficient =
+

Z Z

Z Z

jj 0

jj 0
, whereZjj is the

characteristic impedance of the junction array. These reflections cause the tones to bouncewithin the cavity,
increasing their interaction timewith the nonlinear junction array before exitingwith parametric wave-mixing
gain. Although conventional JPAs use capacitive-coupled cavities that achieve quality factors

=Q 50 5000 [19]—whereΔω is the bandwidth andω0 the resonance frequency—the cavity formed in
our device as a result of the impedancemismatch results in a substantially lowerQ∼ 63.

To compensate for the reduced parametric gain of a low-Q cavity, we packed a larger number of junctions
with small spacing, which increases the inductance per unit length of the cavity and recovers the high gain
performance. This approach suggests that further reducing theQ-value to broaden the operational bandwidth
could be counterbalanced by adding evenmore junctions tomaintain gain.However, since the operational

3
The quality factor is estimated from the third resonantmode of the array in the transmission profile plotted in figure 3(c).We
obtain: /=Q 9.3GHz 1.56 GHz 60 .
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central frequency of the SWPA is determined by the cavity length and there is a practical limit to how closely the
junctions can be packed, this idea naturally leads to an ultra-low-Q cavity with sufficient nonlinear inductance
per unit length, effectively creating a JosephsonTravellingWave Parametric Amplifier (JTWPA). Thus, our
SWPA can be seen as amiddle ground between traditional JPAs and JTWPAs.Unlike conventional JPAs, the
SWPAs are two-port devices, allowing pump injection from either side of the device. Another advantage is their
higher fabrication yield comparedwith JTWPAs, requiring approximately 75% fewer junctions.

Since the SWPA relies on the impedancemismatch between the junction-embedded section (Z0≠ 50Ω)
and the surrounding 50Ω-impedance environment, no additional shunt capacitance structures (such as paral-
lel-plate capacitors or interdigitated capacitors) are required to achieve 50Ω like the case of JTWPAs. These
components often suffer from fabrication defects, such as pin-hole formation in the dielectric layer [14]. Addi-
tionally, no phase-matching components, such as large-footprint resonators or periodic loading structures, are
necessary. This simplifies the design, resulting in a straightforward topology that eases fabrication and
improves yield.Moreover, the presence ofmany junctions relaxes the requiredmagnitude of nonlinearity for
each individual junction, allowing us to design themwithout the need for the low critical current values
(Ic< 4μA), often used in JTWPA implementations. This naturally improves the compression point of our
SWPAs compared to traditional JPAs [9, 20, 21].

Similar device topologies have been previously investigated using high-kinetic-inductancematerials [23],
or employing high-Q cavities formed by SuperconductingQuantum InterferenceDevices (SQUIDs) [24]
instead of bare Josephson junctions as in our case. Bare Josephson junction devices offer the advantage of

Figure 1. (a) SWPAchip layout showing theCPWtransmission linewithCPWgap s= 2 μm, tracewidthw= 4 μm, and junction
separation a= 10 μm. (b)Circuit diagramof the SWPA.AZ0≠ 50 Ω line is formed by embedding a large number of junctions
(Njj= 500) along theCPWtransmission line, creating a Fabry-Pérot cavity. The zoom-in sketch shows the unit cell of the SWPA.

Figure 2. (a)Microscope image of a SWPAwith fake colours representing the trilayer (light green), junctions (red), spacer layer
(yellow), andwiring layer (dark green). (b) Illustration of the cross-section cut inA–A shown in (a).
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reduced susceptibility to externalmagnetic fields, although they lack the tunability features of SQUID-based
devices.

3.Device characterisation

The experiments discussed in this sectionwere all performed on the same device, as detailed in the preceding
section.

3.1.DC andRF transmission

Wefirstmeasured the current-voltage (IV) curve of the SWPAatT= 4 Kusing a four-pointmeasurement
with a current source and a voltmeter, as described in Setup-A, shown in figure 3(a). This setup enables the
measurement of both theDC andRF responses of theDeviceUnder Test (DUT)using two bias-tees. A four-
way splitter and a cryogenic switch facilitate probingmultiple devices, including a through SMAconnector
(‘blank’)used for calibration purposes. The result, plotted in figure 3(b), shows the characteristic nonlinear
function of a Josephson junction4. Since the device is formedwith 500 junctions in series, the gap voltage (Vgap)
appears at 500× theVgap,1JJ of a single junction as expected, i.e.,Vgap= 500×Vgap,1JJ≈ 1.42 V. Therefore, from
the IV curvewe estimated the averageVgap,1JJ to be approximately 2.84 mV,which is conventional forNb junc-
tions. Similarly, from thismeasurement, we can extract the normal resistanceRn of the device, and therefore the
averageRn,1JJ of the individual junctions in the array. TheRn and Ic of a junction are related by theAmbegao-
kar-Baratoff formula for tunnel junctions [25] via:

( )=I R
e k T2

tanh
2

, 1c n
B

whereΔ is the superconducting gap energy, kB is the Boltzmann constant, e is the electron charge andT is the
physical temperature of the junction. SinceΔ = eVgap/2, we can rewrite the above equation as:

( )=I R
V eV

k T4
tanh

4
. 2c n

gap gap

B

Replacing themeasuredVgap,1JJ= 2.84 mVandRn,1JJ= 269.2Ω (as shown in figure 3(a)) into this equation, we
calculate an Ic= 8.67± 0.58 μA. From themeasured critical current density Jc= 2.5 kA/cm2 of the niobium
trilayer deposited on thewafer and the junction’s design areaAjj= 0.5 μm2 in our device, we expected

Figure 3. (a)Experimental Setup-A.Weused aKeithley 6221 current source andKeithley 2182A voltmeter. (b)Themeasured IV
curve of the SWPA froma downward current sweep, whereVgap= 1.42 V.We extract theRn valuewith a linear fit of the points above
Vg, yieldingRn= 134.6 kΩ. (c)The SWPA S21 transmission profile calibratedwith respect to the ‘blank’. Themeasured datawas
smoothedwith a 50.4 MHzmoving averagewindow. The S21 sinusoidal variationwith frequency originates from the Fabry-Pérot
cavity, where the frequency of the resonantmodes fn≈ n× 3.1 GHz, Nn .

4
The absence of a clear supercurrent branch in the IV curve of themeasured device could be potentially attributed to the collective
behaviour of outlier junctions and thermal effects in the system.Adetailed exploration of this effect is out of the scope of this work.
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Ic= 12.5 μA.Assuming a homogeneous Jc across thewafer, themeasured lower value of Ic could originate from
a 36 % reduction on the area of the junctions. This effect has been observed in other devices fabricated using the
same recipe and could be linked to the extra oxidation on side-wall of the junctions, which systematically
reduces the junction area relative to the patterned dimensions [26].

Using the same experimental setup, wemeasured theRF transmission of the SWPA, and the result is plotted
in figure 3(b).We notice that the S21 transmission periodically oscillates in frequency between =S 021,max dB
and S 5.4221,min dB. This frequency transmission profile is a characteristic of a Fabry-Pérot cavity. In this
case, the transmission peaks at approximately 3.1, 6.2 and 9.3 GHz correspond to the different resonantmodes
of the cavity, where /= Nl n n2, , inwhich l is the length of the array cavity andλ is thewavelength of the
signal in the cavity. The S21,max values for eachmode, consistently reaching≈0 dB, illustrates the negligible
losses in the device resulting from theCPWgeometry. Using the previouslymeasured Ic value and assuming a
36 % reduction in the junction size, we calculated Lj(I= 0) ≈ 38 pH andCj= 26 fF. To estimate the remaining
circuit parameters of the unit cell such asCPW’s geometric inductance (Lgeo) and shunt capacitance (Cs), we
numerically fit themeasured S21 data with the calculated S21 of the SWPAunit cellABCDmatrix cascaded by
500 times; resulting in a best fit ofLgeo= 11.5 pHandCs= 2 fF (red dashed line in figure 3(b)). This in turn
implies a characteristic impedance of the cavity ofZ0= 195Ω.

3.2. Phase-preserving parametric gain

In this section, the gain is defined as the value of the transmissionwith the pumpon, calibratedwith the
transmissionwithout the pump.Weused Setup-B, illustrated in figure 4(a), which incorporates 39 dB and
60 dBof attenuation in the input lines inside the cryostat to suppress thermal noise that could degrade the
device’s gain performance. Signal and pump are injected into the devices through the sameport, and themea-
surements were conducted at 10 mK. Signal gainwas only observedwhenpumping around the resonantmodes
of the Fabry-Pérot cavity. A 2D colormap of themeasured gainwhen pumping at fp= 6.15 GHz, i.e., around
the second resonantmode, and fp= 9.00 GHz, i.e., around the third resonantmode, as a function of the pump
power (Pp) at the output of the signal generator is shown in figures 4(b)& (c) respectively5. These fp values
yielded the highest signal gain across themeasurement bandwidth. The cross-sections of the 2D colormap,
corresponding to twodifferentPp values, are shown in figures 4(d)& (e) for fp= 6.15 GHz and fp= 9.00 GHz
respectively.Wemeasured signal gain> 15 dBover∼350MHz (figure 4(e))with rapid changes of the gainwith
pumppowerPp (an increase of 0.05 dBmwould lead to> 5 dB gain increase at certain signal frequencies). This

Figure 4. (a)Experimental Setup-B. (b) and (c) show 2Dcolormaps of themeasured gain as a function of pumppower (Pp) for pump
frequencies fp= 6.15 GHz and fp= 9.00 GHz, respectively. The gain profiles corresponding to the vertical dashed lines (i.e., fixedPp
values) in (b) and (c) are plotted in (d) and (e), respectively. The data point at fp is removed from the plots.

5
The first resonantmode at 3.1 GHz lies outside the bandwidth of the isolator used in themeasurements. Additionally, the applied fp
values are lower than the bare resonantmodes of the device due to the increase in the cavity’s electrical lengthwhen the pump is applied.
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gain sensitivity to pumppower is comparablewith conventional JPAswhen operated for high gain [27].
Beyond the point ofmaximumgain, the gain decreaseswith increasing pumppower, as expected due to effects
such as pumpdepletion and the generation of harmonics and intermodulation products. Further increasingPp
leads to a drop in transmission, likely caused by the junctions approaching their critical current. The gain pro-
file displays ripples with a frequency separation ofΔf∼ 103MHz and 84MHz for fp= 6.15 GHz and 9.00 GHz
respectively, whichwe suspectmay originate from reflections in the experimental setup external to the device
(e.g., caused by impedancemismatches), or coupling between the SWPAmode and other cavitymodes.

Since the SWPA exploits the standing-wavemode of a Fabry-Pérot cavity to enhance the gain, it should in
principle operate independently of the port used to inject the pump.Using Setup-C1 illustrated in figure 5(a),
we investigated the different gain profiles when injecting the signal and the pump separately from the input and
output ports of the device respectively. Similarly to Setup-B, we observe rapid signal gain changeswith pump
power as illustrated in figures 5(b)& (c)whenpumping around the second and third resonantmode of the
Fabry-Pérot cavity. Large values of gainwere achieved as plotted in figures 5(d)& (e), corresponding to the
cross-section of the 2D colormaps.Our choice of fp in these plots corresponds to the pump frequencies that
yielded the largest observed gain profiles. The overall differences in gain shape compared to the results from
Setup-Bmay primarily arise from the difference in fp, as even small variations in the experimental setup can
lead to improved coupling efficiency at certain pump frequencies. Given the strong sensitivity of the device to
pump frequency and power, such variations can significantly alter the gain response. Furthermore, we con-
sistently observe higher gain around the second resonantmode of the arraywhen using Setup-C1 compared to
Setup-B. This behaviourmay suggest a weak asymmetry in the junction array, potentially resulting from fabri-
cation imperfections or non-ideal junction parameters.

3.3. Gain saturation
Using Setup-C1, wemeasured the compression pointP1dB of the SWPA. Figure 6 shows themagnitude of the
signal gainwhen the devicewas pumped at fp= 5.85 GHz andPp= 9.17 dBm (at the output of the signal
generator), as a function of the signal powerPsmeasured at the input of the device6.We calibrated the power at
the input of the device using themeasured losses of the input line at room temperature. The different curves
represent different signal frequencies, resulting in variousP1dB values for different peak gain values.We
obtainedP1dB= −106.2, −103.6, −101.1 and−99.5 dBm for peak gains at 20.2, 18.2, 16.0 and 14.2 dB
respectively. Since the losses of the input line decrease at cryogenic temperatures, we expect that our calculation
probably underestimates the actualP1dB of the device by 1 or 2 dB.Nevertheless, this device exhibits improved

Figure 5. (a)Experimental Setup-C.Option 1(2) in the readout chain results in Setup-C1(2). (b) and (c) show2D colormaps of the
measured gain as a function of pumppower (Pp) for pump frequencies fp= 5.85 GHz and fp= 8.9 GHz, respectively. The gain
profiles corresponding to the vertical dashed lines (i.e., fixedPp) values in (b) and (c) are plotted in (d) and (e), respectively. The data
point at fp and other data acquisition artifacts are removed from the plots.

6
This configuration is almost identical to the one used for the gain profile plotted in figure 5(d) in blue.
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gain saturation performance compared to conventional JPAs composed of a small number of junctions
[21, 28].While previousworks have demonstrated that using larger arrays of junctions can enhance theP1dB
[19], typical values reported for devices operating at 20 dB gain lie between−120 dBmand−110 dBm.Our
device shows performance beyond this range, despite its relatively simple implementation.

3.4. Signal-to-noise ratio (SNR) improvement
While a precise characterisation of an SPAnoise performance requires a sophisticatedmeasurement setup,
Setup-C2 (figure 5(a)) can be used to obtain a quantitative estimation through the system’s signal-to-noise
ratio (SNR). This technique has beenwidely used to demonstrate improved noise performance in experimental
readout chainswhen utilising an SPA [3, 27].Wemeasure the system’s SNRwith andwithout the pump applied
to the SPA. The SNR improves only if the noise added by the SPA is less than the noise added by the following
high-electron-mobility transistor (HEMT) amplifier in the readout chain. Although the SNR improvement is
proportional to the gain and added noise of the SPA, a precise calibration of the system losses is needed tomake
the conversion. Throughout this text, we define the SNR improvement asΔSNR= SNRpump on/SNRpump off

7.
Figure 7(a) presents themeasured power around fs, obtained using a spectrumanalyser, with the pump

switched on and off. The power values are referenced to the input of the SWPA. The signal tone ( fs= 8.85GHz)
is generated using the continuous-wavemode of theVectorNetworkAnalyser (VNA)—hence effectively func-
tioning as a single-tone signal generator—while the pump tone at fp= 8.90 GHz is provided by a separate signal
generator. This operating conditionmatches that shown in figure 5(c). Fromfigure 7(a), we observe a consider-
able reduction in the noise floorwhen the pump is activated, leading to an SNR improvement of approxi-
mately 6.2 dB.

This experimentwas repeated for different values of fs, as shown in figure 7(b).Wefind that the gain and
ΔSNRare closely correlated, with the SNR improvement consistently slightly lower than the gain. This

Figure 6.Measured signal gain as a function ofPs at the input of the device for different fs values. Themeasurementswere takenwith
fp= 5.85 GHz andPp= −9.17 dBm (at the output of the signal generator). Lines connecting the data points were added to guide the
eye.

Figure 7. SNR analysis of the SWPA.All the datawas takenwith fp= 8.85 GHz and a signal powerPV NA= − 20 dBmat the output of
theVNA. (a)Measured signal power referred to the input of the SWPA forPp= − 6.3 dBm (at the output of the signal generator),
with the pump either switched on (red) or off (blue). The datawas takenwithin a 1 MHzwindow around fs= 8.85 GHz. (b) ΔSNR
(red) and gain (blue) as a function of fs. The dotted vertical line indicates the pump frequency fp used in this experiment. (c) ΔSNR
(red) and gain (blue) as a function ofPp for fs= 8.85 GHz.

7
In linear units.
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behaviour is expected: for a phase-preserving amplifier, quantummechanics requires the addition of at least
half a photon of noise permode. As a result, the signal-to-noise ratio cannot improve bymore than the ampli-
fier’s gain [8]. Finally, by fixing fs= 8.85GHz and fp= 8.90 GHz, we examined the relationship betweenΔSNR
and gain as a function of pumppower. The results, plotted in figure 7(c), indicate an almost one-to-one corre-
spondence betweenΔSNR and gain for pumppowers belowPp= −6.3 dBm.However, beyond this threshold,
the gain exhibits an exponential increase, exceeding 20 dB,whileΔSNRunexpectedly drops below 0 dBpre-
cisely at this transition point. This behaviour is unexpected, as it deviates from the typical performance of SPAs,
where an increase in gain usually leads to improved noise performance. In conventional SPAs, higher gain
suppresses the contribution of downstream amplifier noise, allowing the near-quantum-limited noise of the
SPA to dominate, and thereby resulting in a substantial enhancement of the system’s SNR. This abrupt diver-
gence between gain and SNR improvement has been observed inmultiple variations of SWPAs tested and
appears to occur at different gain levels. This behaviour suggests the onset of excess noise or gain instability in
this regime, whichwarrants further investigation.Nevertheless, the observed SNR improvement atmoderate
gain values reinforces the potential of SWPAs to enhancemeasurement sensitivity in certainmicrowave
applications.

4. Phase-sensitive amplification

In this section, we describe our efforts to utilise the coherent detectionmechanismof theVNA for phase-
sensitivemeasurements of parametric amplifying devices, without requiring additional IQmixers or amore
complex experimental setup. A commercial VNA typically employs coherent detection to accuratelymeasure
the S-parameters of theDUT.As illustrated in figure 8(a), the input signal at fs ismixedwith an internal local
oscillator (LO) at fLO to generate an intermediate frequency (IF) signal at fIF. Thesemixers are usually double-
sidebandmixers,meaning that both the fLO+ fIF and fLO− fIF components are down-converted to the same IF
frequency, as shown in figure 8(b). The IF signals are thenfiltered using a band-pass filter, with a user-adjustable
filter bandwidth (BIF). The filtered signal is subsequently amplified and processed electronically before being
digitised by an analog-to-digital converter (ADC) inside theVNA. TheVNAused in our experiments operates
with a fixed IF frequency of fIF= 10MHz,while the LO frequency is adjusted accordingly tomaintain a constant
fIF as fs varies.

In this phase-sensitivemeasurement experiment (Setup-C1), we configure theVNA in continuouswave
(CW)mode to generate a single signal tone at a fixed frequency fs, which is then injected into the SWPA. The
pump tone at fp is generated by a separate signal generator, synchronisedwith theVNAvia a shared 10MHz
reference signal to ensure phase coherence between the signal and pump tones, despite being produced by
separate instruments.

Under this setup, if fp= fLO, the down-converted tone appears at fIF= fLO± fs. Consequently, both the
signal and idler generated by the SWPAaremapped onto the same IF frequency, i.e., fIF= fp− fs and
fIF= fi− fp, assuming fs< fp

8. This results in phase-sensitive (or degenerate) operation. This homodyne detec-
tion scheme is similar to those used in previous experiments onmicrowave squeezed-state generationwith
JPAs [29, 30]. However, unlike in those studies, our ability to vary the signal-pump frequency offset is con-
strained by the fixed fLO of ourVNA.

With this degenerate signal-idler setup, we canmeasure the phase-sensitive gain performance of the SWPA.
For this investigation, we set fp= 8.90 GHz (as in figure 5(e)) and fs= 8.91 GHz. A room-temperature variable
phase shifter was introduced in the signal injection path between the output port of theVNAand the SWPA.

Figure 8. (a) Simplified circuit diagramof the coherentmeasurement scheme operated by theVNA. (b) Illustration of the frequency
conversion process in a double-sidebandmixer, as used in theVNA. (c)Measured signal gain plotted as a function of themeasured
S21 phase (Δf)while varying the input signal phase using a phase shifter upward (black) and downwards (red).

8
Our SWPAoperates in a 4WMmode.
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This effectively creates a phase differenceΔf between the signal and pump tones, since both sources are syn-
chronised to the same 10MHz reference signal. Figure 8(c) presents themeasured signal gain as a function of
themeasured S21 phase, whileΔf ismanually adjusted via the phase shifter—first from itsminimum tomax-
imumrange (upward sweep), and then in the reverse direction (downward sweep). As expected for a phase-
sensitive amplifier, the gain varies with the signal phase. At this particular pumpbiasing point, we achieve
approximately−10 dB of de-amplification nearΔf = 0.5π rad, with a gain peak of around 6 dBnear
Δf = 1.4π rad 9.

Next, we explored the phase-sensitive amplificationwhen the pump frequency is shifted byΔf, i.e.,
fp= fp,0+ Δf, where fp,0= 8.9 GHz. This frequency shift results in a time-dependent phase shift in the pump
tone, given byf(t) = Δf · t. Therefore, we expect to observe a time-dependent variation in themeasured signal
transmission through the device.

Figure 9(a) presents themeasured S21 amplitude at fs= 8.91 GHz for different values ofΔf. As expected, the
transmission exhibits periodic oscillations over time, with the oscillation period determined byΔf.WhenΔf
exceeds the IF bandwidth (BIF) set by the user—such as in the green curve of figure 9(a), whereΔf= 6 kHz
rather than a fewHz—the oscillations occur too rapidly for theVNA to resolve. Instead, theVNA records only
the average transmission value. This limitation is common in standardVNA S21measurements, which is why
phase-sensitive amplification effects are not typically observed in conventional experimental setups.

The gain oscillations in figure 9(a) correspond to the alternating acquisition of the in-phase (I) and quad-
rature-phase (Q) quadratures of the signal. This becomes clearer in figure 9(b), where the SWPAgain is plotted
as a function of themeasured signal phase for fp= 8.9 GHz+ 6 Hz and fs= 8.91 GHz.Weobserve that the
maximumandminimumgain values—corresponding to the I andQ quadrature respectively—alternate every
π/2 rad, since by definition I andQ have aπ/2 rad phase difference. Therefore, calculating the average value of
themaximas andminimas on the plot, we extract the amplification (I quadrature) and the de-amplification (Q
quadrature) gain for this particular signal frequency and power configuration. As can be seen, our simple para-
metric device consistently achievesmore than−30 dB of de-amplification, suggesting that it could potentially
be used to squeeze the vacuumnoise.

Finally, we investigated the phase-sensitive amplification of the SWPAas a function of pumppower.
Figure 10 presents the gainmagnitude for both the I andQ quadratures as the pumppower is swept from
−20 dBm to approximately−6 dBm,where the junctions reach their critical current Ic.We observe an

Figure 9. (a) S21 oscillations for different fp= fp,0+ Δf, where fp,0= 8.9 GHz. S21 oscillates atΔf for values belowBIF= 5 kHz,
Pp= −8 dBmandPvna= −20 dBm. (b)Gain as a function of themeasured S21 phase for fp= 8.9 GHz+ 6 HzwithPp= −8 dBm,
and fs= 8.91 GHzwithPvna= −20 dBm. The localmaxima andminima correspond to the amplified (I) and de-amplified (Q)
quadrature respectively.

9
The apparent ‘bifurcation’ in figure 8(c) forΔf < 0.4π rad is likely caused by reduced accuracy of themechanical phase shifter near its
minimumrange, combinedwith phase instability due to the use of non-phase-stable coaxial cables in the setup. This instability could have
lead to phase shift between the pump and signal paths over the time of taking themeasurements.
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asymmetry between the two quadratures: the de-amplification increasesmore rapidlywith pumppower than
the amplification. Additionally, the de-amplification deteriorates sharply for pumppowers approaching the
critical current of the junctions. The origin of this asymmetry is not yet fully understood and remains an active
area of investigation.Nevertheless, wemeasured a phase-sensitive extinction ratio (PSER), defined as the differ-
ence between themaximumphase-sensitive amplification and de-amplification, reaching values as high as
42.30 ± 2.81 dB. This value is comparable to the highest PSER reported in JPAs [31, 32], further highlighting
the potential of the SWPA to function as an effective squeezer for suitable applications.

5. Conclusion

In this paper, we have described the phase-preserving and phase-sensitive parametric amplification of a
standing-wave parametric device comprising an array of 500 Josephson junctions. The device operates similarly
to a conventional JPAbutwith a significantly lowerQ-factor, where a Fabry-Pérot cavity is formed by
impedancemismatches between the embedded junctions and the 50Ω sections. FromDCandRF transmission
measurements, we extracted the device’s circuit parameters, revealing a possible 36%deviation in junction size
from the target value, likely due to sidewall oxidation of the junctions.Nevertheless, we observed the expected
standing-waveRF transmission profile characteristic of a Fabry-Pérot resonator.Whenpumped near the
resonantmodes of the array, the device exhibited 4WMgain exceeding 15 dB over a bandwidth of
approximately 350MHz,with peak gains reaching 30 dB at specific frequency points.Wemeasured a 1 dB
compression point ofP1dB= − 106.2 dBmatG∼ 20 dB, demonstrating an improvement overmost
conventional JPAs. Additionally, the device achieved an SNR enhancement of up to 6.2 dB compared to the
HEMTamplifier used in ourmeasurement setup, albeit at a lower gain value. Finally, wemeasured a phase-
sensitive extinction ratio of 42.30 ± 2.81 dB, highlighting the potential of the device for noise squeezing
applications.

Acknowledgments

This research is supported by the EuropeanCommission’sHorizon EuropeHorizon-Infra-2022-Tech-01
programmeRADIOBLOCKS (Project ID: 101093934), the EuropeanResearchCouncil (ERC) under the
EuropeanUnion’sHorizon 2020 research and innovation programmewith grant agreementNo. [803862]
(Project [SPA4AstroQIT]), theUKRIQuantumTechnology for Fundamental Physics programmeunder the
projectQuantumSensor forHidden Sector (QSHS, ST/T006277/1) and STFCCapital Fund (ST/X004880/1).
J. NavarroMontilla’sD.Phil. studentship is supported by the STFC and the Foley-Bejar Scholarship from the
Balliol College,Oxford. For the purpose ofOpenAccess, the author has applied aCCBYpublic copyright
licence to anyAuthor AcceptedManuscript (AAM) version arising from this submission.

Data availability statement

All data that support the findings of this study are includedwithin the article (and any supplementary files).

Figure 10.Measured amplification (red)—I quadrature—and de-amplification (black)—Q quadrature—gain as a function of the
pumppower level in the signal generator (Pvna= −13 dBm).We fix fp= 8.9 GHz+ 6 Hz and fs= 8.91 GHz.
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