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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, quantum computation, and
fundamental physics experiments. Commercially available SPAs include Josephson Parametric
Amplifiers (JPAs), which offer high gain but narrow bandwidth performance; and Josephson-
junction Travelling Wave 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 of microwave signals in a Josephson array
embedded in alow-Q Fabry-Pérot cavity. We fabricated a 500-junction array device and measured
>15 dB phase-preserving gain over a ~350 MHz bandwidth, while offering almost two orders of
magnitude improvement in compression point (P45 = —106.2 dBm) compared to standard JPAs.
Furthermore, using a novel measurement technique, we configured our device to operate in the
phase-sensitive mode, measuring a phase-sensitive extinction ratio (PSER) 0f42.3 4 2.81 dB, inline
with state-of-the-art values for JPAs. These promising performances, combined with the ease of
fabrication and improved yield compared with 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 extremely weak signals.
Their applications span from astrophysics, reading the output signal of receivers such as Superconductor-
Insulator-Superconductor (SIS) mixers and Microwave Kinetic Inductance Detectors (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 some noise in the amplification process as limited by the Heisenberg uncertainty
principle [8]. In the microwave regime, Superconducting Parametric Amplifiers (SPAs) are the leading
technology for quantum-limited amplification. SPAs utilise low-loss, nonlinear inductive elements as the
medium for wave mixing 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 frequency wj, and alow-amplitude signal at frequency w; 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 tone wj is generated for energy and momentum conservation, i.e.,
2k, = ks + ki (k, = k; + k;) for a four(three)-wave mixing process, where k,, is the wavector associated to the w,
tone,and n= {p,s, i}.

The past two decades have seen a rapid development of SPAs, particularly with 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 ~100 MHz
and ~ —120 dBm respectively, complicating certain applications such as simultaneous multi-qubit readout. To
circumvent these limitations, Josephson Travelling Wave Parametric Amplifiers JTWPAs) were developed [3].
JTWPASs use an array of thousands of Josephson junctions embedded in a long transmission line to provide the
required mixing time and length for amplification while the electromagnetic tones propagate through the
device. By removing the resonant architecture of JPAs, JTWPAs achieve high gain (> 20 dB) over a much larger
bandwidth, in the order of a few GHz. However, achieving this performance requires exceptional uniformity in
the Josephson junction parameters, as variations can degrade gain and noise performance [10—12]. Moreover,
the large number of components makes JTWPAs more susceptible to fabrication defects such as open-circuited
junctions and pinholes [13, 14]. In addition, JTWPAs face intrinsic challenges such as pump depletion, which
can further constrain their operational gain and dynamic range [ 15].

Ultimately, an ideal quantum-limited amplifier would have a high compression point, as well as high gain
over a large bandwidth, while maintaining 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 low quality factor (Q) cavity,
hereafter referred to as a Standing Wave Parametric Amplifier (SWPA). The moderate 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-wave mixing (4WM) phase-preserving gain (>15dB) when pumped around different orders of
cavity modes with an enhanced bandwidth, up to ~350 MHz, and a compression of ~ —100 dBm. Further-
more, we report on the observation of phase-sensitive amplification in this device using a novel measurement
technique, demonstrating the potential of SWPAs to generate squeezed microwave states [22].

2. Device topology

These SWPA devices were fabricated as part of our effort to develop a broadband JTWPA. Before embark-
ing in fabricating a JTWPA that requires thousands of Josephson junctions coupled with phase-matching and
impedance-matching elements, we commence our programme with these relatively simple devices to better
understand the fabrication yield of Josephson arrays. In the SWPA presented in this paper, we embedded 500
niobium (Nb) Josephson junctions along the central strip of a 50 €2 superconducting niobium coplanar wave-
guide (CPW) transmission line, depicted in figure 1. A microscope 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 junctions were fabricated using a
standard niobium trilayer technique (details in the Supplementary Material).

The inclusion of the junction array modifies the characteristic impedance Z, of this section, moving it away
from the nominal 50 2 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 T" = ?%2, where Zj; is the
characteristic impedance of the junction array. These reflections cause the tones to bounce within the cavity,
increasing their interaction time with the nonlinear junction array before exiting with parametric wave-mixing
gain. Although conventional JPAs use capacitive-coupled cavities that achieve quality factors
Q= Z—i ~ 50 — 500 [19]—where Awis the bandwidth and wy the resonance frequency—the cavity formed in
our device as a result of the impedance mismatch results in a substantially lower Q ~ 6.

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 the Q-value to broaden the operational bandwidth
could be counterbalanced by adding even more junctions to maintain gain. However, since the operational

® The quality factor is estimated from the third resonant mode of the array in the transmission profile plotted in figure 3(c). We

obtain: Q = % ~ 9.3GHz/1.56 GHz ~ 6.
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Figure 1. (a) SWPA chip layout showing the CPW transmission line with CPW gap s = 2 pm, trace width w =4 pm, and junction
separation a = 10 pm. (b) Circuit diagram of the SWPA. A Z, = 50 {2 line is formed by embedding a large number of junctions
(Nj; = 500) along the CPW transmission line, creating a Fabry-Pérot cavity. The zoom-in sketch shows the unit cell of the SWPA.
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Figure 2. (a) Microscope image of a SWPA with fake colours representing the trilayer (light green), junctions (red), spacer layer
(yellow), and wiring layer (dark green). (b) Illustration of the cross-section cut in A—A shown in (a).

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 Josephson Travelling Wave Parametric Amplifier JTWPA). Thus, our
SWPA can be seen as a middle 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 compared with JTWPAs, requiring approximately 75% fewer junctions.

Since the SWPA relies on the impedance mismatch between the junction-embedded section (Z;, = 50 €2)
and the surrounding 50 2-impedance environment, no additional shunt capacitance structures (such as paral-
lel-plate capacitors or interdigitated capacitors) are required to achieve 50 €2 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 of many junctions relaxes the required magnitude of nonlinearity for
each individual junction, allowing us to design them without the need for the low critical current values
(I. < 4pA), 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-inductance materials [23],
or employing high-Q cavities formed by Superconducting Quantum Interference Devices (SQUIDs) [24]
instead of bare Josephson junctions as in our case. Bare Josephson junction devices offer the advantage of




10P Publishing

Phys. Scr. 100 (2025) 095016 JN Montilla et al

(a) 300 K @ "

ak lj

(o ]

A oy M

e ma
Rl X

---- Fit

'4 Four-way splitter Cryognic RF switch
[ (AtlanTecRF A8248-4) (Radiall R5917)

Lossy IR filter X dB attenuator
(QMIC-CRYOIRF-003MF-5)

Bias tee Low Noise Amplifier

(MiniCircuits

(APl/Inmet ZX60-153LN-5+)
8810SMF2-26) 0 2 4 6 8 10 12 14
NbTi (Coaxial) - —-— PhBr & NbTi/CuNi (DC lines) SCuNi-CuNi (Coaxial) Frequency (GHz)

Figure 3. (a) Experimental Setup-A. We used a Keithley 6221 current source and Keithley 2182A voltmeter. (b) The measured IV
curve of the SWPA from a downward current sweep, where Vg, = 1.42 V. We extract the R,, value with a linear fit of the points above
V,, vielding R,, = 134.6 k(2. (c) The SWPA S, transmission profile calibrated with respect to the ‘blank’. The measured data was
smoothed with a 50.4 MHz moving average window. The S,; sinusoidal variation with frequency originates from the Fabry-Pérot
cavity, where the frequency of the resonant modes f;, ~ n x 3.1 GHz, n € N.

reduced susceptibility to external magnetic fields, although they lack the tunability features of SQUID-based
devices.

3. Device characterisation

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

3.1. DC and RF transmission

We first measured the current-voltage (IV) curve of the SWPA at T'=4 K using a four-point measurement
with a current source and a voltmeter, as described in Setup-A, shown in figure 3(a). This setup enables the
measurement of both the DC and RF responses of the Device Under Test (DUT) using two bias-tees. A four-
way splitter and a cryogenic switch facilitate probing multiple devices, including a through SMA connector
(‘blank’) used for calibration purposes. The result, plotted in figure 3(b), shows the characteristic nonlinear
function of a Josephson junction”. Since the device is formed with 500 junctions in series, the gap voltage (Veap)
appearsat 500 the V,,,, 1j; of asingle junction as expected, i.e., Vgap = 500 X Viqp, 15y~ 1.42 V. Therefore, from
the IV curve we estimated the average Vg, 1); to be approximately 2.84 mV, which is conventional for Nb junc-
tions. Similarly, from this measurement, we can extract the normal resistance R, of the device, and therefore the
average R, 1j; of the individual junctions in the array. The R, and I of a junction are related by the Ambegao-
kar-Baratoff formula for tunnel junctions [25] via:

IR, = (ﬂ)tanh( A ) (1)
2e ZkBT

where A is the superconducting gap energy, kg is the Boltzmann constant, eis the electron charge and T'is the
physical temperature of the junction. Since A = eV,,,/2, we can rewrite the above equation as:

Vg eV,
IR, = | —22 |tanh [ £ |. )
4 4kg T
Replacing the measured V,,, 15y = 2.84 mV and R, ;;; = 269.2 €2 (as shown in figure 3(a)) into this equation, we

calculate an I. = 8.67 + 0.58 pA. From the measured critical current density J. = 2.5 kA /cm” of the niobium
trilayer deposited on the wafer and the junction’s design area A;; = 0.5 pm? in our device, we expected

4 . . . . .
The absence of a clear supercurrent branch in the IV curve of the measured device could be potentially attributed to the collective
behaviour of outlier junctions and thermal effects in the system. A detailed exploration of this effect is out of the scope of this work.
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Figure 4. (a) Experimental Setup-B. (b) and (c) show 2D colormaps of the measured gain as a function of pump power (P,,) for pump
frequencies f, = 6.15 GHz and f, = 9.00 GHz, respectively. The gain profiles corresponding to the vertical dashed lines (i.e., fixed P,
values) in (b) and (c) are plotted in (d) and (e), respectively. The data point at f;, is removed from the plots.

I.=12.5 pA. Assuming a homogeneous J. across the wafer, the measured lower value of I, 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, we measured the RF transmission of the SWPA, and the result is plotted
in figure 3(b). We notice that the S,; transmission periodically oscillates in frequency between Sy} .x = 0 dB
and S;; min & —5.42 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 resonant modes
of the cavity, where | = n\/2, n € N, in which [is the length of the array cavity and A is the wavelength of the
signal in the cavity. The Sy; . values for each mode, consistently reaching ~0 dB, illustrates the negligible
losses in the device resulting from the CPW geometry. Using the previously measured I. value and assuming a
36 % reduction in the junction size, we calculated L;j(/ = 0) ~ 38 pH and C; = 26 fF. To estimate the remaining
circuit parameters of the unit cell such as CPW’s geometric inductance (L,.,) and shunt capacitance (C;), we
numerically fit the measured S,; data with the calculated S,; of the SWPA unit cell ABCD matrix cascaded by
500 times; resulting in a best fit of Ly, = 11.5 pH and C; = 2 fF (red dashed line in figure 3(b)). This in turn
implies a characteristic impedance of the cavity of Z, =195 ().

3.2. Phase-preserving parametric gain

In this section, the gain is defined as the value of the transmission with the pump on, calibrated with the
transmission without the pump. We used Setup-B, illustrated in figure 4(a), which incorporates 39 dB and
60 dB of 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 same port, and the mea-
surements were conducted at 10 mK. Signal gain was only observed when pumping around the resonant modes
of the Fabry-Pérot cavity. A 2D colormap of the measured gain when pumpingat f,, = 6.15 GHz, i.e., around
the second resonant mode, and f, = 9.00 GHz, i.e., around the third resonant mode, as a function of the pump
power (P,) at the output of the signal generator is shown in figures 4(b) & (c) respectively’. These f,, values
yielded the highest signal gain across the measurement bandwidth. The cross-sections of the 2D colormap,
corresponding to two different P, values, are shown in figures 4(d) & (e) for f, = 6.15 GHz and f,, = 9.00 GHz
respectively. We measured signal gain > 15 dB over ~350 MHz (figure 4(e)) with rapid changes of the gain with
pump power P, (an increase of 0.05 dBm would lead to >> 5 dB gain increase at certain signal frequencies). This

> The first resonant mode at 3.1 GHz lies outside the bandwidth of the isolator used in the measurements. Additionally, the applied f,,
values are lower than the bare resonant modes of the device due to the increase in the cavity’s electrical length when the pump is applied.
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Figure 5. (a) Experimental Setup-C. Option 1(2) in the readout chain results in Setup-C1(2). (b) and (c) show 2D colormaps of the
measured gain as a function of pump power (P,) for pump frequencies f, = 5.85 GHz and f;, = 8.9 GHz, respectively. The gain
profiles corresponding to the vertical dashed lines (i.e., fixed Py) values in (b) and (c) are plotted in (d) and (e), respectively. The data
pointat f, and other data acquisition artifacts are removed from the plots.

gain sensitivity to pump power is comparable with conventional JPAs when operated for high gain [27].
Beyond the point of maximum gain, the gain decreases with increasing pump power, as expected due to effects
such as pump depletion and the generation of harmonics and intermodulation products. Further increasing P,,
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 of Af ~ 103MHz and 84 MHz for f,, = 6.15 GHz and 9.00 GHz
respectively, which we suspect may originate from reflections in the experimental setup external to the device
(e.g., caused by impedance mismatches), or coupling between the SWPA mode and other cavity modes.

Since the SWPA exploits the standing-wave mode 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-Cl 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 changes with pump
power as illustrated in figures 5(b) & (c) when pumping around the second and third resonant mode of the
Fabry-Pérot cavity. Large values of gain were achieved as plotted in figures 5(d) & (e), corresponding to the
cross-section of the 2D colormaps. Our choice of f,, 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-B may primarily arise from the difference in f,,, 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 resonant mode of the array when using Setup-C1 compared to

Setup-B. This behaviour may 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, we measured the compression point P, 45 of the SWPA. Figure 6 shows the magnitude of the
signal gain when the device was pumped at f, = 5.85 GHz and P, = 9.17 dBm (at the output of the signal
generator), as a function of the signal power P, measured at the input of the device’. We calibrated the power at
the input of the device using the measured losses of the input line at room temperature. The different curves
represent different signal frequencies, resulting in various P; 45 values for different peak gain values. We
obtained P14 = —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 actual P 45 of the device by 1 or 2 dB. Nevertheless, this device exhibits improved

® This configuration is almost identical to the one used for the gain profile plotted in figure 5(d) in blue.

6
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gain saturation performance compared to conventional JPAs composed of a small number of junctions

[21, 28]. While previous works have demonstrated that using larger arrays of junctions can enhance the Py 45
[19], typical values reported for devices operating at 20 dB gain lie between —120 dBm and —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 SPA noise performance requires a sophisticated measurement 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 been widely used to demonstrate improved noise performance in experimental
readout chains when utilising an SPA [3, 27]. We measure the system’s SNR with and without the pump applied
to the SPA. The SNR improves only if the noise added by the SPA isless 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 to make
the conversion. Throughout this text, we define the SNR improvement as ASNR = SNR,;mp on/ SNRpump off -

Figure 7(a) presents the measured power around f,, obtained using a spectrum analyser, with the pump
switched on and off. The power values are referenced to the input of the SWPA. The signal tone ( f; = 8.85GHz)
is generated using the continuous-wave mode of the Vector Network Analyser (VNA)—hence effectively func-
tioning as a single-tone signal generator—while the pump tone at f, = 8.90 GHz is provided by a separate signal
generator. This operating condition matches that shown in figure 5(c). From figure 7(a), we observe a consider-
able reduction in the noise floor when the pump is activated, leading to an SNR improvement of approxi-
mately 6.2 dB.

This experiment was repeated for different values of f;, as shown in figure 7(b). We find that the gain and
ASNR are closely correlated, with the SNR improvement consistently slightly lower than the gain. This

7 . .
Inlinear units.
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Figure 8. (a) Simplified circuit diagram of the coherent measurement scheme operated by the VNA. (b) Illustration of the frequency
conversion process in a double-sideband mixer, as used in the VNA. (c) Measured signal gain plotted as a function of the measured
S,1 phase (A ;) while varying the input signal phase using a phase shifter upward (black) and downwards (red).

behaviour is expected: for a phase-preserving amplifier, quantum mechanics requires the addition of at least
halfa photon of noise per mode. As a result, the signal-to-noise ratio cannot improve by more than the ampli-
fier’s gain [8]. Finally, by fixing f; = 8.85GHz and f,, = 8.90 GHz, we examined the relationship between ASNR
and gain as a function of pump power. The results, plotted in figure 7(c), indicate an almost one-to-one corre-
spondence between ASNR and gain for pump powers below P, = —6.3 dBm. However, beyond this threshold,
the gain exhibits an exponential increase, exceeding 20 dB, while ASNR unexpectedly drops below 0 dB pre-
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 in multiple 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, which warrants further investigation. Nevertheless, the observed SNR improvement at moderate
gain values reinforces the potential of SWPAs to enhance measurement sensitivity in certain microwave
applications.

4. Phase-sensitive amplification

In this section, we describe our efforts to utilise the coherent detection mechanism of the VNA for phase-
sensitive measurements of parametric amplifying devices, without requiring additional IQ mixers or a more
complex experimental setup. A commercial VNA typically employs coherent detection to accurately measure
the S-parameters of the DUT. As illustrated in figure 8(a), the input signal at f; is mixed with an internal local
oscillator (LO) at f; o to generate an intermediate frequency (IF) signal at fir. These mixers are usually double-
sideband mixers, meaning that both the fi o + fir and f; o — fir components are down-converted to the same IF
frequency, as shown in figure 8(b). The IF signals are then filtered using a band-pass filter, with a user-adjustable
filter bandwidth (Byg). The filtered signal is subsequently amplified and processed electronically before being
digitised by an analog-to-digital converter (ADC) inside the VNA. The VNA used in our experiments operates
with a fixed IF frequency of fir = 10 MHz, while the LO frequency is adjusted accordingly to maintain a constant
fir as f; varies.

In this phase-sensitive measurement experiment (Setup-C1), we configure the VNA in continuous wave
(CW) mode to generate a single signal tone at a fixed frequency f;, which is then injected into the SWPA. The
pump tone at f, is generated by a separate signal generator, synchronised with the VNA via a shared 10 MHz
reference signal to ensure phase coherence between the signal and pump tones, despite being produced by
separate instruments.

Under this setup, if f, = fr o, the down-converted tone appears at fir = f; o & f;. Consequently, both the
signal and idler generated by the SWPA are mapped onto the same IF frequency, i.e., fir = f, — f,and
fie=fi — fp> assuming f; < fpg. This results in phase-sensitive (or degenerate) operation. This homodyne detec-
tion scheme is similar to those used in previous experiments on microwave squeezed-state generation with
JPAs [29, 30]. However, unlike in those studies, our ability to vary the signal-pump frequency offset is con-
strained by the fixed f; o of our VNA.

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

8 Our SWPA operates ina 4WM mode.
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Figure9. (a) S, oscillations for different f,, = f,, o + Af, where f;, o = 8.9 GHz. S, oscillates at Affor values below Br = 5 kHz,

P, =—8 dBmandP,,,, = —20 dBm. (b) Gain as a function of the measured S,, phase for f, = 8.9 GHz+ 6 Hz with P, = —8 dBm,
and f; = 8.91 GHz with P,,, = —20 dBm. The local maxima and minima correspond to the amplified (I) and de-amplified (Q)
quadrature respectively.

This effectively creates a phase difference A , between the signal and pump tones, since both sources are syn-
chronised to the same 10 MHz reference signal. Figure 8(c) presents the measured signal gain as a function of
the measured S; phase, while A, is manually adjusted via the phase shifter—first from its minimum to max-
imum range (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 pump biasing point, we achieve
approximately —10 dB of de-amplification near A 4= 0.57 rad, with a gain peak of around 6 dB near
Ay=1ldrrad’.

Next, we explored the phase-sensitive amplification when the pump frequency is shifted by Af, i.e.,
fp =fo.0 + Af, where f;, o = 8.9 GHz. This frequency shift results in a time-dependent phase shift in the pump
tone, given by ¢(t) = Af- t. Therefore, we expect to observe a time-dependent variation in the measured signal
transmission through the device.

Figure 9(a) presents the measured S,; amplitude at f; = 8.91 GHz for different values of Af. As expected, the
transmission exhibits periodic oscillations over time, with the oscillation period determined by Af. When Af
exceeds the IF bandwidth (Byy) set by the user—such as in the green curve of figure 9(a), where Af=6 kHz
rather than a few Hz—the oscillations occur too rapidly for the VNA to resolve. Instead, the VNA records only
the average transmission value. This limitation is common in standard VNA S,; measurements, 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 SWPA gain is plotted
asa function of the measured signal phase for f,, = 8.9 GHz+ 6 Hzand f, = 8.91 GHz. We observe that the
maximum and minimum gain values—corresponding to the I and Q quadrature respectively—alternate every
7/2 rad, since by definition Iand Q have a /2 rad phase difference. Therefore, calculating the average value of
the maximas and minimas 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 achieves more than —30 dB of de-amplification, suggesting that it could potentially
be used to squeeze the vacuum noise.

Finally, we investigated the phase-sensitive amplification of the SWPA as a function of pump power.
Figure 10 presents the gain magnitude for both the I and Q quadratures as the pump power is swept from
—20 dBm to approximately —6 dBm, where the junctions reach their critical current I.. We observe an

? The apparent ‘bifurcation’ in figure 8(c) for A, < 0.4 rad is likely caused by reduced accuracy of the mechanical phase shifter near its
minimum range, combined with 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 the measurements.

9
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pump power level in the signal generator (Py,, = —13 dBm). We fix f, = 8.9 GHz+ 6 Hzand f;=8.91 GHz.

asymmetry between the two quadratures: the de-amplification increases more rapidly with pump power than
the amplification. Additionally, the de-amplification deteriorates sharply for pump powers 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, we measured a phase-sensitive extinction ratio (PSER), defined as the differ-
ence between the maximum phase-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 JPA but with a significantly lower Q-factor, where a Fabry-Pérot cavity is formed by
impedance mismatches between the embedded junctions and the 50 {2 sections. From DC and RF 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-wave RF transmission profile characteristic of a Fabry-Pérot resonator. When pumped near the
resonant modes of the array, the device exhibited 4WM gain exceeding 15 dB over a bandwidth of
approximately 350 MHz, with peak gains reaching 30 dB at specific frequency points. We measureda 1 dB
compression point of Pgp = — 106.2 dBm at G ~ 20 dB, demonstrating an improvement over most
conventional JPAs. Additionally, the device achieved an SNR enhancement of up to 6.2 dB compared to the
HEMT amplifier used in our measurement setup, albeit at a lower gain value. Finally, we measured a phase-
sensitive extinction ratio of42.30 + 2.81 dB, highlighting the potential of the device for noise squeezing
applications.
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