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High-performance cryogenic amplifiers are essential components for quantum information technology and astronom-
ical observation. In this work, we report the design and characterization of a microwave amplifier based on a superconduct-
ing quantum interference device (SQUID). The design incorporates input and output impedance transformers to center the
operating frequency at approximately 5.5 GHz for specific applications. Preliminary characterization at a bath temperature
of 4.2 K demonstrates a peak gain of 10.79 dB at 5.39 GHz and a saturation power of approximately —115 dBm.
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1. Introduction

The superconducting quantum interference device
(SQUID) is unrivaled as a sensitive magnetic flux sensor.
Its exceptional flux sensitivity, quantum-limited noise per-
formance, and bandwidth extending to several gigahertz
have made it indispensable for astronomical observation, 15!
low-temperature physics, and superconducting quantum
computing.[>"1 Compared to conventional cryogenic semi-
conductor amplifiers like high electron mobility transistors
(HEMTs), SQUID amplifiers offer quantum-limited noise
performance and also have power dissipation as much as four
orders of magnitude lower than HEMT amplifiers.!!%!!l Fur-
thermore, in contrast to superconducting parametric amplifiers
such as Josephson parametric amplifiers (JPAs) and traveling-
wave parametric amplifiers (TWPAs),!!?! SQUID amplifiers
may provide superior operational simplicity by eliminating
the need for an external pump signal.['3] Additionally, SQUID
arrays configured in series or parallel may offer a promising
approach to increase both the saturation power and opera-
tional bandwidth, further broadening their applications.!'*!3]
Table 1 summarizes the typical performance characteristics of
the amplifiers.

The frequency range of 4 GHz-8 GHz has emerged
as critically important for various quantum measurement
applications.[®) We therefore concentrate the SQUID ampli-

fier design on this specific band and develop an SQUID mi-
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crowave amplifier based on microwave and circuit simulation
tools. The design incorporates tailored impedance transformer
networks to precisely center the operating frequency for target
applications. The input network employs a 0.16-pF coupling
capacitor and a 1.6-pF shunt capacitor to ensure signal cou-
pling into the SQUID input coil efficiently. Meanwhile, the
output integrates a multipole transformer to achieve optimal
impedance matching with a 50-Q transmission line.

Table 1. The typical performance characteristics of the amplifiers. The
values presented in the table are typical.

JPAs  SQUID Amp. = HEMTs
Noise temperature (K) 0.1 0.1 > 1
Power dissipation 0 0 mW
Gain (dB) 20 20 35
Operating frequency GHz MHz-GHz GHz
Saturation power (dBm) -110 -110 —45

2. Design and fabrication

The design approach systematically employs microwave
and circuit simulation tools, which can be summarized in
three key steps. Firstly, to ensure high-performance opera-
tion, we need to make a balance between the damping param-
eter fB., the screening parameter f,!'” and the intrinsic gain
G. These three key parameters fundamentally determine the
SQUID-unit geometry, as the key component of the SQUID
microwave amplifier, including the input-coil turns, washer

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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Subse-
quently, for the microwave simulation phase, we implement

dimensions, and Josephson junction specifications.

the physical SQUID-unit layout in the microwave simulation
tool and obtain the device’s S-parameters. In this simula-
tion, Josephson junctions (JJs) are modeled using the resis-
tively and capacitively-shunted junction (RCSJ) approach, in
which each Josephson junction is represented by a shunted re-
sistor Ry, in parallel with a junction capacitor C;. Finally, the
extracted S-parameters are imported into a circuit simulator
to optimize the lumped-element impedance transformer net-
works. The optimized topology comprises an input network
with a series coupling capacitor Cj, = 0.16 pF and a shunt ca-
pacitor C; = 1.6 pF, while the output network is a w-network
with two grounded capacitors C,, C3, and a series inductor L.
To evaluate the influence of key parameters, we performed a
simulation study on the input coupling capacitance Cj,. It was
observed that an increase in Cj, results in a decrease in gain
and an expansion in bandwidth. The gain referred to here is
that provided by the impedance transformers. The simulation
results are presented in Fig. 1. To clearly demonstrate the in-
fluence on gain, the S»; data are normalized to their maximum
value.
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Fig. 1. Effect of the Cj, on gain and bandwidth.

Since the RCSJ model is used for Josephson junctions in
the simulation, the intrinsic gain of the device could not be
simulated. However, it has been theoretically calculated using

the following formula: '8!

G, MVe.

Zr
where M; =400 pH is the mutual inductance, Vg ~ 300 uV/dy
is the peak flux-to-voltage transfer coefficient, and Zr is the in-
put impedance obtained by simulation. Substituting the values
yields an intrinsic gain of 17.73 dB for the device.

The optical micrograph and lumped-element equivalent
circuit representation of the fabricated SQUID microwave am-
plifier are presented in Fig. 2. All lumped elements are phys-
ically realized as parallel-plate capacitors and planar spiral
inductors. To validate the effectiveness of the impedance

transformers, we conduct comparative simulations of the S»;

parameter with and without impedance transformers. Fig-
ure 2 depicts the reference plane locations (AA’/BB’ and
CC’/DD’) used for the S-parameter characterization. The ref-
erence planes AA’/BB’ correspond to the SQUID unit with-
out impedance transformers, while the planes CC’/DD’ corre-
spond to the SQUID unit with the optimized impedance trans-
formers. The simulation results are illustrated in Fig. 3. To
clearly demonstrate the tuning effect, the S>; data are normal-
ized to their respective maximum values, indicating that the
impedance transformers successfully tune the operating fre-
quency from 7 GHz to the target 5.5 GHz.
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Fig. 2. (a) Optical micrograph and (b) lumped-element equivalent

circuit representation of the fabricated SQUID microwave amplifier.
Reference planes AA’/BB’ correspond to the SQUID-unit without
impedance transformers, and planes CC’/DD’ correspond to the circuit
with impedance transformers.
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Fig. 3. Simulation of S,;: (a) without impedance transformers, (b) with
impedance transformers. All data normalized to respective maximum val-
ues.

The SQUID-unit component primarily consists of an oc-
tagonal washer and an input coil. The washer features a 2-
pm-wide slit and a hole size of 20 um. The input coil is
implemented as an open-circuit spiral structure with 16 turns
of 1-um-wide Nb lines and gaps. The SQUID loop incor-
porates two 3 umx3 pum square JJs fabricated using Nb/Al-
AlO,/Nb trilayer technology. With a critical current density

of jo =100 A/cm? at a temperature of 4.2 K,[1°]

each junc-
tion exhibits a critical current / = 9 pA. To suppress hys-
teretic effects, each junction is shunted with a 10-Q resis-
tor, yielding a damping parameter S, = 0.71. The complete
device was fabricated at the Shanghai Institute of Microsys-

tem and Information Technology’s Superconducting Electron-
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ics Facility (SELF), and the whole fabrication details are avail-
able in Ref. [20]; we only summarize the patterning process
of Nb/Al-AlO,/Nb trilayer here, which involved three steps.
First, the Nb counter electrode is patterned into the junction
size using an i-line stepper and etched using inductively cou-
pled plasma (ICP) etching. Subsequently, the AI-AlO, layer
is etched using IBE. The bottom Nb layer is then patterned to
form the SQUID washer and establish electrical connections
with the TiPd layer and the SQUID interconnections. An SiO»
layer is then deposited over the trilayer by PECVD and etched
using RIE to create contact holes. In the next step, the Nb film
wiring layer is deposited and patterned to form the input coil
and the JJ leads. Table 2 summarizes the key design parame-
ters of the SQUID amplifier.

Table 2. Design parameters of SQUID microwave amplifier.

Parameter Designed value
Area of JJ 3 umx3 pm
Critical current density of JJ jc 100 A/cm?
Critical current of SQUID 1. 18 A
Inductance of SQUID Lg 100 pH
Screening parameter 3, 0.87
Damping parameter 0.71
Input coil turns N 16
Shunted resistance R, 10Q
Coupling capacitor Ci, 0.16 pF
Shunt capacitor Cy 1.6 pF
C; of the w-network 0.12 pF
C3 of the w-network 0.82 pF
L, of the m-network 0.64 nH

3. Measurement

All measurements of the SQUID microwave amplifier
were carried out at 4.2 K in a liquid helium immersion cryo-
stat. The SQUID chip was glued on a copper-based sample
box with a custom PCB as shown in Fig. 4(a). Short aluminum
(Al) wire bonds connected the PCB to the chip’s input and out-
put pads, while multiple bonds shorted the washer to ground.
The sample box was mounted on a liquid helium dip probe and
enclosed within a superconducting Nb shield can.

At the base temperature, we systematically character-
ized both current-voltage-flux (IV @) characteristics and mi-
crowave performance. The IV @ curves of the SQUID de-
vice were particularly susceptible to noise and external inter-
ference. To address these, we employed a four-wire setup to
suppress common-mode interference and measure the differ-
ential voltage across the device accurately. Additionally, low-
pass filters were implemented in all DC lines to attenuate both
DC source meter noise and stray RF signals. Bias current and
flux bias were supplied via Yokogawa GS200 current sources
routed through room-temperature filters. Figure 4(b) presents

the measured V- characteristics for several bias currents.

From the V-@ curves, we observed a minor distortion which
arises from tight inductive coupling between the input coil
and the SQUID loop. The results demonstrate a maximum
voltage swing of approximately 70 puV at a bias current of
16 pA, corresponding to a peak flux-to-voltage transfer co-
efficient Vg ~ 300 wV/dy.

SQUID chip

Ground port
(b)

—I,=13 yA — T, =14 pA — I, =15 pA
| =—Ip=16 pA — [, =17 pA

0 03 06 09 12 1.5 18
Flux (&)

Fig. 4. (a) Photograph of the copper-based sample box, I, is the bias
current, V is the voltage across the device; (b) V—@ characteristics of
the SQUID amplifier at various bias currents.

The forward gain of the SQUID microwave amplifier was
achieved from S-parameter measurements performed with a
vector network analyzer (VNA). The microwave measurement
setup incorporated 100 dB of input attenuation to suppress
room-temperature noise and incident signals, as well as a cryo-
genic HEMT post-amplifier with a gain of ~ 30 dB at 5.5 GHz.
Figure 5 presents the microwave measurement chain of the
SQUID amplifier.

5
o
w
|

CLARTTTY
: HEMT :
| |
| T _L]_DC bias
—60 dB—I’Ej |:,“r
| . |
| |
| |
| |
| |
l |
AN
SQUID chip

Fig. 5. Schematic representation of the microwave measurement chain.
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To ensure measurement accuracy, a comprehensive cali-
bration was performed to account for insertion losses from ad-
ditional circuitry. This calibration was performed by replacing
the SQUID sample box with a short coaxial reference piece,
yielding a baseline S>;. The calibrated gain of the amplifier
was then estimated by subtracting the baseline S,; from the
S»1 data obtained with the SQUID amplifier in the circuit.

For a microwave characterization measurement, a weak
input signal of approximately —130 dBm was applied from
the network analyzer. The V—@ characteristics were initially
measured to identify the optimal operating point. At the opti-
mized bias condition of 16-pA bias current and 0.25-&; flux
bias, the SQUID amplifier offers a maximum gain of 10.79 dB
at 5.39 GHz with a bandwidth of 142 MHz. The measured
gain results as well as the V-@ characteristic and the optimal
operating point are presented in Fig. 6. The gain variation of
approximately 1 dB within the operational band likely origi-

nates from impedance mismatch at wire bond interconnects.

14

5.35 5.40 5.45 5.50 5.55
Frequency (GHz)

Fig. 6. Measurement of gain for optimum bias current and flux bias as
a function of frequency. The V—@ curves at an optimal bias current of
16 pA and the operating point is marked by red dot in the inset.

The power-handling capability of the amplifier is an im-
portant figure of merit, which determines the dynamic range
of the amplifier. The input saturation power, as an evaluation
of power-handling capability, was measured at the optimal op-
erating point reported previously. As shown in Fig. 7, the 1-
dB compression point, a standard metric for saturation power,
occurs at an input power of approximately —115 dBm. This
power-handling capability meets the requirements for most ap-
plications demanding near-quantum-limited amplification.

12.0
11.5

8.5 : : : :
—-160 —-150 —-140 -—-130 —-120 -—110
Input power (dBm)

Fig. 7. The maximum gain at 5.39 GHz as a function of SQUID ampli-
fier input power.

These measured results show good agreement with sim-
ulations in terms of operating frequency and bandwidth char-
acteristics. However, we observed slight deviations that could
be attributed to two primary factors. Firstly, in the SQUID-
unit layout simulations, JJs were represented by the RCSJ
model, which may not accurately capture the junction mi-
crowave characteristics. Secondly, the tolerances in the fab-
rication process can lead to variations in the actual parameters
of the device, consequently affecting operational performance.

In addition, the noise performance is another critical met-
ric for SQUID amplifiers, but it could not be directly measured
due to experimental constraints. Therefore, we have theoret-
ically estimated the device’s noise temperature using the fol-

lowing expression: [*!]

opt _ 1T
TNp ~ Vo

where @y = 5.39 x 27w X 10° rad/s, T = 4.2 K, and Vg ~
300 uV/dy. Substituting the values into the equation yields

a noise temperature of 6.86 K.

4. Conclusion

We have successfully designed and fabricated an SQUID
microwave amplifier based on simulation tools and the Nb/Al-
AlO,/Nb trilayer junction process. The cryogenic characteri-
zation at 4.2 K demonstrates that the designed SQUID am-
plifier achieves a gain exceeding 10 dB at 5.39 GHz, a 3-dB
bandwidth of 142 MHz, and a saturation power of approxi-
mately —115 dBm. The technological approach demonstrated
here can be extended to the development of high-saturation-
power Josephson parametric amplifiers. ']

We observed slight deviations between the measured re-
sults and simulation predictions, and we will concentrate on
two main aspects to improve: (i) optimizing the fabrication
process to reduce manufacturing deviations, and (ii) replacing
the lumped-element RCSJ model with a physics-based Joseph-

son junction model to improve simulation fidelity.
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