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ABSTRACT

Broadband quantum-limited amplifiers play a critical role in the single-shot readout of superconducting qubits, but a popular implementa-
tion, the traveling wave parametric amplifier, involves a complex design and fabrication process. Here, we present a simple design for a
Josephson parametric amplifier, using a lumped element resonator comprising a superconducting quantum interference device whose useful
bandwidth is enhanced with an on-chip impedance-matching circuit. We demonstrate a flux-coupling geometry that maximizes the coupling
to the Josephson loop and minimizes spurious excitation of the amplifier resonant circuit. The amplifier, which operates in a flux-pumped
mode, is demonstrated with a power gain of more than 20 dB over a bandwidth of about 300 MHz, where approximate noise measurements
indicate quantum-limited performance. A procedure is given for optimizing the bandwidth for this kind of amplifier, using a linearized cir-

cuit simulation while minimizing non-linearities.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035945

High-fidelity single-shot readout of superconducting qubits
requires the lowest-noise amplification to achieve fast discrimination
of the intrinsically small readout signals.' > A popular approach is to
use traveling wave parametric amplifiers (TWPAs)," ® which are
broadband low-noise amplifiers approaching quantum-limited perfor-
mance. Josephson parametric amplifiers (JPAs) provide similar or bet-
ter noise performance compared to TWPAs™" "' and, in addition, can
operate as phase-sensitive amplifiers. Depending on the implementa-
tion, JPAs can also provide tunable operation with bandwidths
exceeding 100 MHz with reasonable saturation powers. Here, we
explore a number of innovations to improve the performance of a JPA
that is simple to fabricate and simple to operate, affords quantum-
limited noise amplification over a bandwidth of greater than 300 MHz,
and operates in flux-pumped mode, separating the pump from the
amplified signal and, thereby, making post-processing of the signal
more straightforward.

The JPA is often viewed as a narrow-band amplifier because this
device is typically designed as a nonlinear resonant cavity whose reso-
nance width determines the useful amplifier bandwidth. TWPAs cir-
cumvent this bandwidth limitation by distributing the amplifying
non-linearity over a transmission line.* Designs for JPAs that increase
the amplification bandwidth while maintaining a simple fabrication
process would provide a welcome addition to the Josephson amplifier
family.'>"

A JPA can be designed to amplify signals with either a three-
wave or four-wave mixing process, typically implemented using either
current-pumping or flux-pumping, respectively.'* Four-wave JPAs’
operate with a pump tone ), near the signal w; and idler w; frequen-
cies, with 2w, = w; 4+ ; and w; ~ w;, where amplification occurs
through a fourth-order Kerr non-linearity in the circuit Hamiltonian.
Three-wave JPAs’ operate with a pump tone near twice the signal
frequency, w, = w; + w;, with amplification due to the frequency
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modulation of a Josephson superconducting quantum interference
device (SQUID) loop. The separation of the pump and signal tones
removes the need for post-amplifier filtering circuitry.” Flux pumping
with three-wave mixing can be performed with a pump line separated
from the signal line, displacing the pump tone from the signal tone
both physically and in frequency.

The achievable bandwidth for both four- and three-wave JPAs
can be increased significantly, from tens of MHz in a basic design to
hundreds of MHz by impedance-matching the amplifier to its input.
This can be achieved by using an impedance-matching taper,” or, in a
particularly simple version of this concept, using a series-connected
2/4 and /2 impedance transformer."” In the latter demonstration,
the transformer was off-chip and the JPA was operated in four-wave
mode.

Here, we extend the work of Ref. 13 using an on-chip impedance
transformer and an improved flux coupling to the SQUID that enables
flux pumping and both three- and four-wave amplification, with the
entire device fabricated monolithically on a single die. The amplifier is
operated in reflection, with the input signal reflected as an amplified
output signal with a gain of more than 20 dB. This provides a simple
design easily integrated with superconducting qubit circuitry. A gal-
vanic connection to the input reduces the coupling quality factor,
increasing the amplification bandwidth. A SQUID loop is formed with
two Josephson junctions in parallel,'® which when combined with an
on-chip flux line, affords in situ tuning of the amplifier frequency and
flux pumping. We use a symmetrically coupled on-chip flux line that
minimizes spurious mode coupling, thereby enabling operation in a
flux-pumped mode. We also use a via-free parallel plate capacitor
design with a low-loss dielectric that provides an easily fabricated pF-
range input capacitance. Numerical simulations are used to select
device parameters that optimize the amplification bandwidth and
minimize non-linearities.

Figure 1 shows images of an impedance-engineered JPA device
and its equivalent circuit, fabricated on intrinsic (>10k€Q cm resistiv-
ity) silicon. The base wiring is etched from a uniformly evaporated
film of 100 nm thick Al, patterned using a photoresist-masked Cl,
reactive ion etch process. A /./4 resonator centered at 5.3 GHz with a
characteristic impedance of 45 Q matches the 50 Q impedance input
line to 40 Q, lowering the quality factor of the JPA resonance; the 1/2
resonator with a characteristic impedance of 80, also centered at
5.3 GHz, reduces the frequency dependence in the system susceptibil-
ity matrix, thereby increasing the amplification bandwidth."” To pre-
vent microwave-frequency slot modes, Al cross-overs with the same
dielectric as the capacitor are placed on the impedance-matching reso-
nators every 200 um."”

The input to the JPA itself includes a via-free parallel-plate capac-
itor with a total input capacitance of C = 2.03 = 0.02 pF to ground.
The impedance-transformed input line is galvanically connected to
the bottom capacitor plate, which is, in turn, galvanically connected to
the SQUID. The capacitor top electrode is formed by a 200 nm thick
Al film on a 250 nm thick dielectric, and the dielectric is formed by
10nm thick silicon nitride (SiN) layers on the top and bottom for
improved film quality, with the remaining thickness comprising
hydrogen-saturated amorphous silicon (a-Si), chosen for its low
dielectric loss.'” The top capacitor plate is capacitively coupled to
ground, in parallel with the SQUID, and has no galvanic connections.
The SQUID is formed by two identical Josephson junctions connected

scitation.org/journal/apl

electrode
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FIG. 1. Experimental device. (a) Micrograph of the fabricated device with a series
/,/4 transformer with impedance Z; 4, = 45Q (red), a /2 transformer with imped-
ance Z;; = 80Q (green), and a via-free parallel plate capacitor (purple). (b)
Circuit representation of the device. (c) Higher-magnification micrograph of the JPA
SQUID (blue) and its associated flux line.

in parallel, designed to have a combined critical current of 2.64 A
and an enclosed loop area of 220 ym” The SQUID and its flux-
pumping line, shown in detail in Fig. 1(c), are designed to have mirror
symmetry about the SQUID connection point to the capacitor base,
thereby minimizing the coupling of microwave-frequency pump tones
to spurious modes; the flux pumping line also includes a single
grounded Al crossover.

Choosing the JPA parameters is a non-trivial optimization prob-
lem: An ideal JPA is designed to maximize its amplification bandwidth
and saturation power, while minimizing added noise. Approximate
analytic solutions can be used to guide simple device designs;”'
however, numerical simulations are more appropriate for simulta-
neously optimizing multiple parameters. We optimized using
numerical simulations based on the pumpistor model,'”*® where
the SQUID, in the presence of a parametric flux pump, is modeled
as a linear inductance combined with an effective negative resis-
tance, as shown in Fig. 2(a). We note that this specific model for
the SQUID is only valid for the three-wave non-degenerate mode
of operation. The impedance-transforming input circuit is mod-
eled using standard transmission-line equations. The SQUID
inductances L, o and L, , are defined” as

Luo =L/, (1)
L X N
Ly = —# (€0 — joriLy Y} ), (2)
€1

where  L; = L,/ cos (n®pc), €g = 1 — (1/4)(n®yc)’, and ¢
= (n®xc/2) tan (1®@pc). These parameters are functions of the
SQUID bare inductance L, the DC flux ®pc, the AC flux amplitude
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FIG. 2. JPA simulated power gain and bandwidth using the pumpistor model.'**°
(a) Linearized circuit used for simulations with impedance-matching element Z,,,
JPA capacitance C = 2.03pF, SQUID static inductance L,p, SQUID variable
inductance Re[L, ], and variable resistance (imaginary inductance) Im[L, 2]. The
variable circuit elements are functions of the pump amplitude ®ac and the DC flux
@, plotted in units of the flux quantum @®, = h/2e in panels (d)-(f). (b)
Simulated power gain curve G(f) as a function of signal frequency f for a JPA circuit
with (orange) and without (blue) the impedance-matching element Z,,,. Red arrows
indicate the bandwidth Afygs for which the power gain is greater than 20 dB. (c)
Bandwidth Af,yqs and (d) @ac calculated for the optimized operating point as a
function of the bare SQUID inductance Ls and bare LC resonance frequency
fic =1 /(Zn\/LsC). Black dots show design parameters for the fabricated
device, where Ls = 125pH and fic = 10 GHz. (e) Simulated gain curves with
Ls = 125pH and fi¢c = 10 GHz, for different ®pc values and (f) ®pc, near the
operating point where ®pc = 0.41 @y and ®pc = 0.073 .

®,c, and the external admittance Y; seen by the SQUID at the idler
frequency w;.

This allows us to model the JPA power gain G(f) as a function of
frequency, shown for typical parameters in Fig. 2(b), both with and
without the input impedance transformer. The transformer signifi-
cantly increases the bandwidth Afy4s over which the gain is larger
than 20 dB, as shown by the red arrow. We choose a 20 dB bandwidth
because, at that gain, the noise contribution from typical cryogenic
second-stage amplifiers can be neglected. In our setup, for example,
we use a high-electron-mobility transistor (HEMT) amplifier with a
noise temperatures of ~2 K, which referenced to the JPA input that is

ARTICLE scitation.org/journal/apl

reduced to ~20 mK for a gain of 20 dB,”” contributing a small amount
to the quantum-limited noise of hf /kg = 240 mK at f = 5 GHz.

The response of the JPA depends critically on the SQUID design
parameters. In Figs. 2(c) and 2(d), we show the bandwidth Afyoqp
(color scale) and the flux pump modulation amplitude @ ¢, calculated
as a function of the SQUID linearized inductance L, and the SQUID
bare LC frequency fic = 1/(27y/I;C). These are optimized at each
operating frequency by first setting ®@pc to achieve a gain greater than
20 dB with minimal ® ¢ and then varying ® ¢ to maximize the band-
width. When choosing device parameters, one might pick a SQUID
inductance L, to maximize the bandwidth; however, a practical JPA
design should also minimize the pump amplitude ®5c in order to
reduce non-linearities in the pumping process. As seen in Figs. 2(c)
and 2(d), these two criteria are in opposition; here, we compromise
and chose device parameters that optimize the bandwidth while keep-
ing the pump amplitude below 0.1 @y, shown by the black dots in the
panels, with L; = 125 pH and f;¢ = 10 GHz.

With fixed physical parameters L, and f; ¢, the gain curve G(f) still
depends on the flux-bias operating point ®@p¢ as well as the modula-
tion amplitude @, of the flux pump, as shown in Figs. 2(e) and 2(f).

The frequency and value of the maximum JPA gain also depend
on the detailed input circuit.””'> We model the input line as an ideal
50 Q impedance connected to the input impedance transformers. In a
real device, the input would include non-ideal circulators, cables, and
wire-bond connections, each modifying the gain-frequency G(f)
response. Note that the impedance transformer can be chosen to yield
large bandwidths in simulation, but JPA impedances below 10 Q are
difficult to optimally match to a 50 Q input line impedance; further-
more, optimally matching these impedances increases the required
flux modulation ®sc. We chose impedance transformer parameters
that are reasonable to fabricate and then optimized the JPA parameters
given this fixed input circuit.

The device is operated on the mixing chamber plate of a dilution
refrigerator with a base temperature of 7 mK. The signal is measured
in reflection and then amplified using a commercial HEMT amplifier.
With no AC flux pump, two resonances are visible as the DC flux is
varied, shown in Fig. 3(a). These resonances match a linear circuit
model including the //4 and /2 transmission lines loaded by a paral-
lel lumped-element LC resonator, where the SQUID inductance is
modeled by the flux-biased inductance L; = L,/ cos (n®pc). The
model lumped-element capacitance C and inductance L; are assumed
to have their design values, and both impedance-matching transmis-
sion line resonator frequencies are taken to be 5.3 GHz. After solving
numerically for the impedance of this model as a function of fre-
quency, the resonance is defined”” as the frequency at which the reac-
tive input impedance is zero.

In Fig. 3(b), we display the power gain G(f) for various pump
powers P (measured at the top of the cryostat), measured with
Opc =047Dy. A pump power of 4dBm corresponds to
D¢ = 0.07 Dy, assuming the known cable attenuation of -40 dBm
and using the SQUID’s estimated DC mutual inductance with the flux
line of 1.35 pH; the value of ®5c is consistent with simulations. The
bandwidth Afygp is measured as a function ®pc and pump power P
for a pump frequency of 10.62 GHz [see Fig. 3(b)]. We choose values
of ®pc and P that minimize the JPA noise and maximize the
bandwidth. Using the optimized parameters, we measure Afyap
= 305MHz [see Fig. 3(d)]. A 1dB saturation power of -116 dBm is
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FIG. 3. Measured device performance, operated in a dilution refrigerator at 7 mK.
(a) Phase of the small signal reflected from the amplifier as a function of frequency
fand DC flux ®pc. Dashed lines indicate resonances in a linear circuit model of the
device without flux pumping. (b) Power gain G(f) as a function of frequency for vari-
ous signal generator powers P at ®pc = 0.47d. (c) Bandwidth Afyygp as a func-
tion of pump power P and DC flux ®pc. (d) Measured gain G(f) (green) and
estimated noise temperature (blue) vs frequency f at the labeled point in panel c,
displaying a bandwidth of 300 MHz. The noise quantum limit (orange) is given by
Tn = hf /ky. Noise temperature error bars are dominated by uncertainty in effective
HEMT noise temperature.

measured for these operating parameters, which is similar to other
lumped-element amplifiers.'”

The noise temperature is roughly estimated using the HEMT as a
calibration source [Fig. 3(d)], by comparing the signal-to-noise ratio
for a weak signal while flux pumping the JPA to that without flux
pumping. The amplification chain includes the JPA, attenuating ele-
ments following the JPA, and then the cryogenic HEMT amplifier.
Circulators, cables, and connections between components are esti-
mated to attenuate the signal between the JPA and HEMT by approxi-
mately 2.61.5dB. The noise temperatures for the HEMT and JPA
are then calculated by dividing the noise of each element N; by kB,
where B = 3 MHz is the measurement bandwidth. This assumes that
the JPA has unity gain when off, and that the JPA when on, and the
HEMT gain, which are both much larger than 1. The estimated JPA
noise temperature is consistent with near-quantum-limited operation.

In summary, we have demonstrated a simple impedance-
matched Josephson parametric amplifier with an on-chip impedance
transforming circuit that we operate in a three-wave (flux-pumped)
mixing mode, yielding a simple monolithic device with the pump sep-
arated from the signal. The amplifier displays a large operating band-
width of greater than 300 MHz with good noise performance. This
device has also been measured in a four-wave (current-pumped)
mixing mode with an operating bandwidth of 200 MHz with an aver-
age noise of 460 mK over its operating bandwidth. While here we
report on a single device, similar performance has been measured in
other devices with similar design parameters. The straightforward
design and fabrication of this device make it more accessible to a wider
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range of researchers who need a robust and simple broadband near-
quantum-limited amplifier for microwave measurements.
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