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Josephson junction parametric amplifiers have become essential tools for microwave quantum circuit 
readout with minimal added noise. Even after improving at an impressive rate in the past decade, they 
remain vulnerable to magnetic fields, which limits their use in many applications such as spin qubits, 
Andreev and molecular magnet devices, dark matter searches, etc. Kinetic inductance materials, such as 
granular aluminum (grAl), offer an alternative source of nonlinearity with innate magnetic field resilience. 
We present a nondegenerate amplifier made of two coupled grAl resonators resilient to in-plane magnetic 
fields up to 1T. It offers 20 dB of gain close to the quantum limit of added noise, with a gain-bandwidth 
product of 28 MHz and −110 dBm input saturation power.

The remarkable progress in Josephson junction (JJ)
based parametric amplifiers sparked their adoption in both
academic and industrial research groups, establishing
single-shot quantum state detection of superconducting
qubits as an integral capability in circuit quantum electro-
dynamics [1–4]. State-of-the-art amplifiers are essential for
syndrome measurements during error correction of super-
conducting quantum registers [5–8], they enable the devel-
opment of novel detection techniques [9–13], and serve as
indispensable instruments to uncover microscopic mecha-
nisms degrading superconducting qubit coherence [14–16].
However, the magnetic-field-induced Fraunhofer pattern
for the JJ critical current [17–19] constrains their appli-
cability in systems such as spin [12,20,21] and Andreev
qubits [22,23], spin ensembles [24,25], molecular magnet
devices [26], and dark matter detectors [27–29].

Recent experiments have used magnetic shielding to
protect JJ-based amplifiers [12,21,30], at the price of
placing the amplifier farther from the measured device
and risking to reduce the readout efficiency. Ideally, a
magnetic field resilient amplifier is directly coupled to the
device under test. Graphene-based amplifiers [31,32] and
devices employing proximitized semiconductors [33,34]
have been developed to achieve this goal. However,
technologically involved fabrication makes their integra-
tion into more complex systems challenging, and their
relatively low saturation power (−130 to −120 dBm) limits

the readout signal amplitude. An alternative path employs
the nonlinearity of kinetic inductance materials like NbN
[35,36], NbTiN [37–40], or granular aluminum (grAl)
[41,42], which offer magnetic field resilience, adaptable
integration, and larger dynamic range.
Remarkable progress has recently been reported for NbN

amplifiers, which were proven to operate close to the
quantum limit up to 0.5 T [35]. Even though NbN enabled
these achievements, its relatively large critical current
density, in the range of mA=μm2, requires pushing the
boundaries of device miniaturization to reach nonlinearity
values comparable to JJ devices. Two orders of magnitude
lower critical current densities and higher nonlinearity can
be achieved in grAl [41–43] while remaining an order of
magnitude below the superconducting-to-insulator transi-
tion threshold [44–47].
In this Letter, we tailor the nonlinearity of grAl to

fabricate a standing wave parametric amplifier (grAlPA),
which operates near the quantum limit in magnetic fields up
to 1 T in plane. We obtain 20 dB amplification, 28 MHz
gain-bandwidth product, and a saturation power of
−110 dBm, satisfying typical requirements for quantum
device readout. These features make grAlPAs convenient
and powerful tools, ready to be integrated and to extend the
range of quantum limited readout applications.
The grAlPA amplifier, operated in reflection, consists of

two capacitively coupled grAl resonators mounted in a
single-port cylindrical waveguide, coupled via evanescent
electric field to a coaxial cable [cf. Figs. 1(a) and 1(b)]. The
resonators are formed by two coplanar capacitor plates
connected by a central grAl strip [cf. Figs. 1(c) and 1(d)]
which gives 80% of the total inductance [48]. The dimen-
sions of the capacitor plates are chosen to match the
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frequencies of the two modes and target perfect hybridi-
zation. The device is fabricated in a single-step electron
beam lithography, followed by zero-angle evaporation on a
c-plane sapphire substrate [48]. We deposit an 830 μΩ cm
resistivity grAl film, 40 nm thick, which gives 120 pH=□
of kinetic inductance.
The waveguide provides a clean microwave environment

for the grAlPA thanks to its ≈60 GHz cutoff frequency, a
factor of 5 above its operational range. The challenge when
using this strategy arises from the exponential susceptibility
of the coupling to variations in the distance between the pin
and the grAlPA. In order to mitigate this effect, we add a
40-μm-wide and 40-nm-thick Nb pad at the edge of the
chip using optical lithography. The Nb coupling pad acts as
an on-chip extension of the coaxial cable central pin,
uniformly spreading the electric field lines toward the
grAlPA [48].
Figure 1(e) shows the equivalent grAlPA circuit, which

can be modeled by the following Bose-Hubbard-dimer
Hamiltonian [64,65,67]:
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where the two bosonic modes ai, with i ¼ L, R, correspond
to the left and right grAl resonators, respectively. The
individual resonant frequencies are ωi, the on-site poten-
tials Ki are given by the first-order Kerr nonlinearity of the
central grAl strips, and the hopping term J arises from the
electric dipole-dipole interaction between the resonators. In
the case of perfect hybridization ωL ¼ ωR ¼ ω0, this
interaction leads to the formation of the hybridized dimer
modes ω� ¼ ω0 � J, each sharing the total coupling κ of
the left resonator to the microwave environment [48]. When
a pump is applied between the hybridized modes, four-
wave mixing converts two pump photons into one signal

and one idler photon in the two dimer modes, respectively,
implementing a phase-preserving amplifier with signal-
pump detuning J.
While Eq. (1) has the necessary ingredients for parametric

amplification, in order to achieve a practically useful device,
two conditions need to be fulfilled. First, the Kerr coef-
ficients Ki=2π should be ≈1–100 kHz, as higher values
reduce the amplifier compression point below the power
commonly needed for device readout (≈ − 140 dBm)
[68,69] and subkilohertz coefficients require higher pump
powers for 20 dB gain performance, which increase the heat
load on the cryostat [70]. By using a grAl strip 0.2 μmwide
and 7 μm long, we obtain Ki=2π ¼ 2� 1 kHz [48].
Second, for both modes to be efficiently driven by the same
pump, the coupling strength should satisfy the condition
J ≲ 2κ [66]. At the same time, to maximize the gain-
bandwidth product, we aim to increase κ as much as
possible. We design the grAlPA to have J=2π ¼ 0.1 GHz
and κ=2π ¼ 60 MHz.

When exposed to an in-plane magnetic field, the dimer
shifts down in frequency as shown in the upper panel in
Fig. 1(f), tuning by approximately 300 MHz at Bjj ¼ 1 T,
without suffering from added losses [48]. This shift is
explained by an increase of the grAl kinetic inductance,
corresponding to a suppression of the superconducting gap
(cf. Refs. [42,43,48,62]). We mechanically align the field to
within 1% in plane, and we compensate in situ the
remaining out-of-plane component using a custom-
designed 2D vector magnet [48]. Importantly, the hopping
strength J changes by less than 10% over the entire field
range, preserving the conditions for parametric amplifica-
tion up to 1 T [cf. lower panel in Fig. 1(f)].

Figure 2(a) shows the gain performance of the grAlPA in
zero magnetic field, as a function of increasing pump power
at fixed frequency. We define the gain of the amplifier as the
ratio between the reflected power with the pump on and off.
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FIG. 1. Device design and frequency dependence in magnetic fields up to 1 T. (a),(b) Photograph and schematics of the sample holder
used for microwave reflection measurements, similar to Refs. [42,62,63]. (c) The granular aluminum parametric amplifier (grAlPA)
consists of a pair of lumped-element grAl resonators (green), comprised of two coplanar capacitor plates connected by a central strip. To
stabilize the evanescent field coupling of the grAlPA to the coaxial central pin (black), we add a Nb pad (purple) at the edge of the
substrate [48]. (d) Scanning electron beam image of the central grAl nanostrip. (e) Equivalent circuit diagram of the grAlPA. The design
resembles a Bose-Hubbard dimer, similar to Refs. [64,65]. The grAl strip shown in (c) can be modeled as an array of Josephson
junctions [41,66] with a self-Kerr nonlinearity denoted as Ki (i ¼ R, L). The hopping interaction J gives rise to a pair of hybridized
modes ω�. (f) Measured frequency dependence of the dimer ω� (top) and hopping interaction J (bottom) as a function of in-plane
magnetic fields up to 1 T.



Note that, by this choice, possible internal losses produce
asymmetric gain profiles. By increasing the pump power,
we can obtain a maximum gainG0 of 30 dB before entering
the multistable regime [48]. We measure a constant gain-
bandwidth product

ffiffiffiffiffiffi
G0

p
· BW ¼ ðκ=2Þ=2π ¼ 22.5 MHz,

as illustrated in the right-hand panel in Fig. 2(a). Conveni-
ently, the signal-pump detuning is in the 0.1 GHz range, as
expected from the design value for the hopping term J,
facilitating pump tone filtering at the output of the grAlPA.
The dynamic range of the grAlPA is quantified by the

input signal-probe power for which the maximum gain G0

decreases by 1 dB, i.e., the 1-dB compression point. For
this purpose, we calibrate the attenuation of the input line
using the resonance fluorescence of a frequency-tunable
transmon qubit [71,72] in a separate experiment, employ-
ing the same setup and sample holder utilized for the
grAlPA. We sample several frequencies in the interval of
interest and interpolate in between, thereby calibrating the
line attenuation in a 1.5 GHz frequency range [48]. As
presented in Fig. 2(b), for G0 ¼ 20 dB, we obtain 1-dB
compression points of −111� 2 dBm in both modes. This

dynamic range is on par with previous implementations
using arrays of Josephson junctions [65,69,73,74] and can
be improved by increasing the coupling κ to match state-of-
the-art devices [6,75].
In Fig. 3(a), we demonstrate that the grAlPA can be

successfully operated at G0 ¼ 20 dB gain in magnetic
fields up to 1 T. Because of the field dependence of the
dimer frequency, at each field bias, the frequency of the
pump needs to be adjusted, as indicated by the arrows in
Fig. 3(a). The measured 30% decrease of

ffiffiffiffiffiffi
G0

p
· BW from

zero field to 1 T shown in Fig. 3(a) is explained by the
progressive decoupling of the dimer as the modes move
away from the cylindrical waveguide cutoff [48]. In
Figs. 3(b) and 3(c), we present measured 20 dB gain
profiles in Bk ¼ 1 T and their corresponding power satu-
ration. We find it remarkable that the grAlPA performance
at Bk ¼ 1 T is comparable to that at Bk ¼ 0 T. The
shoulder visible in the line shape of the high-frequency
mode is explained by a 1-dB dip in the background signal
measured without the pump, due to internal losses in the
grAl resonators [48].
Arguably the most important figure of merit of para-

metric amplifiers is the improvement they provide to the
signal-to-noise ratio (SNR) of a readout chain. In Fig. 4(a),
we illustrate the near-quantum limited noise performance
of the grAlPA at 0 T. We measure the power spectral
density (PSD) of the output line connected to the grAlPA,
with the pump on and off. We convert the PSD to
temperature scale, using a power-calibrated pilot tone at
fs ¼ 8.193 GHz [48]. When the pump is off, the ≈4 K
noise floor is set by a high electron mobility transistor
(HEMT). By operating the grAlPA at 20 dB gain, we obtain
10 dB of SNR improvement (ΔSNR), corresponding to an
input-referred noise close to the standard quantum limit for
phase-preserving amplifiers [76].
The grAlPA noise performance under in-plane magnetic

fields up to Bk ¼ 1 T is shown in Fig. 4(b). For each point,
we fix the gain of the amplifier to G0 ¼ 20 dB and tune the
power-calibrated pilot tone to match the shift of the gain
profiles in field [cf. Fig. 3(a)]. We report the input referred
noise nin in units of photons, calculated using the relation
nin ¼ kBT̄ in=hfs, where T̄ in is the noise temperature floor
extracted from the PSD with the grAlPA on. The quantum
limit is given by nin ¼ 1, where half a photon is added by
the amplifier and half a photon originates from input
vacuum fluctuations. In zero field, we obtain nin ¼
1.21� 0.63, corresponding to an effective grAlPA added
noise ngr ¼ 0.71� 0.63. Remarkably, the grAlPA remains
near quantum limited up to Bk ¼ 1 T, illustrating its utility
for quantum readout in magnetic field. We attribute the
upturn visible in the grAlPA noise above 0.6 T to spurious
vortices in the capacitor pads, which can create additional
loss channels [77,78] and should be suppressed in future
designs.

FIG. 2. Gain performance in zero field. (a) grAlPA gain vs
signal frequency fs, for different pump powers Pp and fixed
pump frequency fp ¼ 8.29 GHz. The inset shows a schematic of
the four-wave mixing process: two pump photons (black line) are
converted into a signal photon (red line) and an idler photon (blue
line), each populating a dimer mode. The right-hand panel shows
the measured gain-bandwidth product. (b) Saturation power
measurements for the grAlPA modes. Ps is the input signal
power, and the gray labels indicate the corresponding to 1-dB
compression point.



We demonstrate the utility of the grAlPA in the readout
of quantum devices by showing single-shot heterodyne
detection of a generalized flux qubit (GFQ). The GFQ is
inductively coupled to a readout resonator with linewidth
κr=2π ¼ 1.25 MHz and frequency fr ¼ 8.1361 GHz (for
more details, see Ref. [79], device q8). In Fig. 4(c), we
present a histogram of 8 × 105 contiguous measurements
using a readout pulse of time τ ¼ 0.6 μs and power

equivalent to n̄r ¼ 31 circulating photons in the resonator,
calibrated using the ac Stark shift of the GFQ [48]. The
distribution shows two maxima corresponding to the
ground jgi and first excited jei energy states of the qubit.
Using the grAlPAwith G0 ¼ 25 dB, in Fig. 4(d), we plot a
typical measured quantum-jump trace corresponding to an
effective qubit temperature Tq ¼ 56 mK. We define the
quadrature SNRV as the ratio between the magnitude α and

FIG. 4. Noise performance and quantum efficiency of the grAlPA. (a) Input-referred noise temperature at Bk ¼ 0 T as a function of
detuning Δf from a power-calibrated tone at fs ¼ 8.193 GHz [48]. The green and blue solid lines represent measurements with the
grAlPA pump off and on, respectively. When the grAlPA is on, the noise approaches the standard quantum limit for nondegenerate
amplification indicated by the solid red line. The signal-to-noise improvement (ΔSNR) is defined as the ratio between the baselines of
the green and blue curves. (b) Input-referred noise as a function of Bk. The blue shaded area indicates the uncertainty propagated from
the line-attenuation calibration. (c) Histogram of contiguous measurements of a qubit acquired using the grAlPAwith G0 ¼ 25 dB. The
I and Q quadratures of the readout signal are scaled in units of square root of measurements photons

ffiffiffiffiffiffi
nm

p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n̄rτκr=4

p
. The Q-axis

projected histogram on the right shows measured qubit distributions corresponding to the ground jgi and excited jei states. (d) Example
of a measured quantum-jump trace. The solid lines correspond to the ground (blue) and excited (orange) states of the qubit, and the
colored areas represent one standard deviation σ from the histogram in (e). (e) SNR2

V as a function of readout resonator occupation n̄r.
From a linear fit (black dashed line), we extract the readout quantum efficiency η ¼ ð43� 9Þ%.

FIG. 3. Gain performance resilient to in-plane magnetic fields. (a) The six left panels show measured gain profiles at magnetic fields
Bk ¼ 0, 0.2, 0.4, 0.8, and 1.0 T, applied in parallel to the grAl film. The black arrows indicate the frequency of the pump. Note that
G0 ¼ 20 dB can be achieved at any field up to 1 T. The right panel depicts the gain-bandwidth product vs Bk, extracted from the
measured gain profiles with G0 ¼ 20 dB. The dashed purple line illustrates the κ=2 values measured from the pump off resonant
response of the dimer frequencies. (b) Measured gain of the grAlPA at Bk ¼ 1 T. (c) Saturation power measurements for the two modes
of the grAlPA at Bk ¼ 1 T. The 1-dB compression point is indicated by the gray labels.
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standard deviation σ of the jgi pointer state. We fit the
data using the formula SNR2

V ¼ ηn̄rκrB−1=4, where
B−1 ¼ 2=κr þ τ is the measurement bandwidth [1,80], from
which we extract a quantum efficiency η ¼ ð43� 9Þ%
[cf. Fig. 4(e)]. Considering the contributions of the insertion
loss after theGFQand the residualHEMTnoise,we extract an
intrinsic grAlPA quantum efficiency ηgr ¼ 92þ8

−22%, corres-
ponding to ngr ¼ 0.54� 0.13 added noise photons [48].
In summary, we have demonstrated a practically useful

parametric amplifier, nicknamed grAlPA, which relies
exclusively on granular aluminum for its nonlinearity
and operates close to the quantum limit up to 1 T in-plane
magnetic field. Beyond this range, spurious frequency
jumps and added losses, likely resulting from residual flux
trapping in the pads of the capacitors, hinder the operation
of the amplifier. A potential solution is the implementation
of artificial pinning sites, similar to the approach described
in Refs. [77,78]. Furthermore, in order to enable enhanced
frequency tunability and increased signal-pump detuning,
the grAlPA concept could be expanded to three-wave
mixing by using rf superconducting quantum interference
device (SQUID) [69,73,81–83] made of grAl nanojunc-
tions [62] or by applying a direct current bias [36].
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