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Quantum-limited Josephson parametric amplifiers play a pivotal role in advancing the field of circuit quantum
electrodynamics by enabling the fast and high-fidelity measurement of weak microwave signals. Therefore,
it is necessary to develop robust parametric amplifiers with low noise, broad bandwidth, and reduced design
complexity for microwave detection. However, current broadband parametric amplifiers either have degraded
noise performance or rely on complex designs. Here, we present a device based on the broadband impedance-
transformed Josephson parametric amplifier that integrates a hornlike coplanar waveguide transmission line,
which significantly decreases the design and fabrication complexity while keeping comparable performance.
The device shows an instantaneous bandwidth of 700 (200) MHz for 15 (20) dB gain with an average input
saturation power of −110 dBm and near quantum-limited added noise. The operating frequency can be tuned
over 1.4 GHz using an external flux bias. We further demonstrate the negligible backaction from our device on
a transmon qubit. The amplification performance and simplicity of our device promise its wide adaptation in
quantum metrology, quantum communication, and quantum information processing.
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Introduction. The parametric process facilitates coherent
energy transfer among electromagnetic waves by nonlineari-
ties, which enables quantum-limited parametric amplification
[1]. Microwave parametric amplification not only improves
the readout of solid-state [2–6] and nanomechanical [7] quan-
tum devices, but also becomes increasingly important in
emerging technologies such as hybrid quantum systems [8]
and axion dark-matter detection [9,10]. It is thus important to
develop amplifiers with outstanding performance: low noise,
broad bandwidth, and high saturation power. Moreover, for
easy adaptation of parametric amplifiers, their design and
fabrication should be robust and simple.

In superconducting circuits, parametric amplification is
achieved by Josephson parametric amplifiers (JPAs) utiliz-
ing multiwave mixing processes in nonlinear superconducting
resonators, where Josephson junctions provide the required
nonlinearity without introducing dissipation [11,12]. The non-
linear resonator of the JPA is typically coupled to a fixed
50-� embedding environment [13–16], which prevents tuning
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its linewidth and saturation power independently, resulting
in a trade-off between saturation power and bandwidth [17].
Hence, its bandwidth is inherently limited to 10–50 MHz,
and its input saturation power is typically −120 dBm for a
nominal gain of 20 dB.

Two strategies have been developed to address this lim-
itation. In the first approach, the nonlinear resonator is
unpacked into a nonlinear transmission line by thousands of
Josephson junctions, forming a traveling-wave parametric am-
plifier (TWPA), in which the gain is optimized across a broad
range of frequencies [18]. Such a device must satisfy two
conditions: (i) the impedance of the amplifier has to match
the 50-� environmental impedance, and (ii) the phases of
the pump, signal, and idler tones have to match [18]. To
fulfill these challenging requirements, 2000 nonlinear unit
cells were constructed to form a TWPA with a 20-dB-gain
bandwidth over 3 GHz and an input saturation power of −99
dBm [19]. However, TWPA noise processes can be complex
[18] and the stringent requirements on the phase matching
and the large number of Josephson junctions make the design,
calibration, and fabrication difficult for TWPAs [20].

In the second approach, the environmental impedance is
engineered to enhance the JPA’s coupling, which leads to
enhanced bandwidth and saturation power [17]. This has
been accomplished by both simple narrowband impedance
transformers [21,22] and more complex broadband impedance
transformers [17,23,24]. Narrowband impedance transformers
constructed using λ/4 and λ/2 coplanar waveguides (CPWs)
[21,22] or Chebyshev matching networks [25] enhance the
JPA’s bandwidth to 300 or 500 MHz with fixed operating
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FIG. 1. Experimental concept. (a) Electrical circuit depiction of the CIMPA. The nonlinear resonator on the right side is constructed
by shunting a SQUID (yellow) with a capacitor (blue). The structure is galvanically coupled to a Klopfenstein taper (green) on the left
and inductively coupled to a flux line (red) on the right. (b) Parameters of the hornlike CPW impedance transformer, showing decreasing
characteristic impedance Z0 along the CPW as its center-trace width becomes wider, transforming from 50� at the left end to 18� at the right
end. One should notice that the characteristic impedance of the hornlike CPW is not exactly equal to 50� and 18� on the two ends because
of the nature of the Klopfenstein taper [26]. (c) False-color micrograph of the device with the nonlinear resonator shown in the inset. From
left to right are the hornlike CPW taper (green), the parallel plate capacitor (blue) and SQUID (yellow) forming the resonator, and the on-chip
flux line (red). (d) Simplified diagram of the measurement apparatus (details in the Supplemental Material [27]). A transmon qubit is utilized
to calibrate the input power and detect possible backaction from the CIMPA.

frequency, respectively. On the other hand, JPAs with broad-
band impedance transformers following Klopfenstein [17,23]
or Ruthroff [24] taper designs have instantaneous bandwidth
in the range of 600–700 MHz and allow tunable operating
frequencies, but their current implementations either require
multilayer fabrication with lossy dielectrics [17,24] or careful
simulation and calibration of finely patterned interdigitated
capacitors [23]. These requirements increase the complexity
of these amplifiers’ design, calibration, and fabrication.

In this Letter, we present a broadband CPW-based
impedance-transformed parametric amplifier (CIMPA) design
and showcase its performance. By reducing the technical re-
quirements of the Klopfenstein taper, we can implement it
using a single hornlike CPW, which keeps the broadband
behavior while maintaining the simplicity of the design and
fabrication [27]. The hornlike CPW structure allows us to
leverage streamlined rf design tools [28] and minimize the

complexity of simulating and fabricating the impedance trans-
former, and the feature size of the hornlike CPW is well within
the scope of the optical lithography technique. Notably, the
CIMPA performs as well as the other impedance-transformed
parametric amplifiers (IMPAs) despite such simplicity. The
amplifier displays an instantaneous bandwidth of 700 (200)
MHz for 15 (20) dB gain, a 1.4 GHz flux-tunable bandwidth,
a saturation input power of approximately −110 dBm, and no
significant backaction on the qubit.

Device Concept. The CIMPA is constructed from three
basic building blocks, as depicted by the circuit diagram in
Fig. 1(a). The core component of the device is a nonlinear
parallel inductor-capacitor (LC) resonator that facilitates the
necessary parametric process through which amplification oc-
curs. It consists of a superconducting quantum interference
device (SQUID, yellow) shunted by a capacitor (blue). On the
right-hand side, it is inductively coupled to a flux line (red)
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that allows in situ tuning of the resonator frequency and rf
flux pumping [14,22]. On the left-hand side, it is galvanically
connected to an impedance transformer (green) that is central
to improving its bandwidth and dynamic range.

The CIMPA operates as follows. When an rf microwave
pump is applied to the nonlinear resonator via the flux line at
approximately twice its resonant frequency, ωp ≈ 2ω0, we can
apply the rotating wave approximation (RWA) in the frame
rotating at the signal frequency ωs ≈ ω0 and write the dressed
Hamiltonian as [27,29]

Ĥ/h̄ = �â†â + λ(â†2 + â2) + Ô(â4), (1)

where â (â†) is the bosonic annihilation (creation) oper-
ator associated with the resonator, and � = ωp/2 − ω0 ∼
0. λ = δ f EJ,eff

√
sin(F ) tan(F )Ec/(8EJ,eff ) originates from the

modulation of the external flux by the pump (details in Sup-
plemental Material [27]), where δ f is the modulation depth,
F is the dc flux bias, and Ec, EJ,eff are the capacitive energy
and effective Josephson energy of the CIMPA. If the circuit is
coupled to the environment with strength κ , its input-output
equation of motion is given by

˙̂a = i

h̄
[Ĥ, â] − κ

2
â + √

κ âin = −2iλâ† − κ

2
â + √

κ âin, (2)

where âin and âout are the bosonic operators associated with
incoming and outgoing signals. We then proceed to de-
fine ā[ω] = ∫ ∞

−∞ dt eiωt â(t ) as the frequency-domain bosonic
annihilation operator and κ[ω] as the frequency-dependent
decay rate, then use the boundary condition

√
κ[ω]ā[ω] =

āin[ω] + āout[ω] to obtain

āout[ω] =
[
κ[ω]

κ[ω]/2 − iω

(κ[ω]/2 − iω)2 − 4|λ|2 − 1

]
āin[ω]

+
[ −2iκ[ω]λ

(κ[ω]/2 − iω)2 − 4|λ|2
]

ā†
in[−ω]

= G(ω)āin[ω] + I (−ω)ā†
in[−ω], (3)

from which the gain is define, G(ω) = |G(ω)|2.
For a suitable value of λ, the denominator in Eq. (3) ap-

proaches zero, resulting in a large signal gain that remains at
finite values in practice because of higher-order terms that are
not included in Eq. (1) [30]. In addition, large signal power
may lead to an ac Stark shift and pump power depletion,
thereby decreasing the effective gain [30]. The incoming sig-
nal power associated with a gain drop of 1 dB is defined as the
input saturation power or, alternatively, the 1-dB compression
point.

Importantly, Eq. (3) shows that the amplifier’s bandwidth
is determined by the coupling strength κ , and thereby can
be improved by enhancing the coupling between the res-
onator and the signal. For the circuit shown in Fig. 1(a),
this coupling rate is given as κ = Re[(CZin )−1], while the
saturation power is Psat ∼ C/Zin [17], where Zin is the in-
put impedance of the coupled environment. Zin is similar
to the characteristic impedance of the transmission line Z0,
but modified by the reflection coefficient S11 due to the
standing waves from reflection. The input impedance is given
by Zin = Z0(1 + S11)/(1 − S11) (details in Supplemental Ma-
terial [26,27]). Thus, by engineering Z0 and, accordingly, Zin,

one can increase both the bandwidth and the dynamic range of
the amplifier. Since the signals must come through a nominal
50-� transmission line before and after interacting with the
amplifier, an impedance transformer is necessary for enhanced
coupling, shown on the left-hand side of Fig. 1(a).

Previously, this idea was realized using a broadband
impedance transformer based on the Klopfenstein taper with a
characteristic impedance ranging from 50� at one end to 15�

at the other end, and a maximum return loss of −20 dB above
the cutoff frequency [17,23]. These stringent requirements
may lead to sophisticated designs that are associated with
tedious simulation procedures and complex nanofabrication
processes. Alternatively, a combination of quarter-wavelength
and half-wavelength CPW resonators can be used [21], with
the setback of having a narrower bandwidth, thereby negating
the flux-tunable advantage of the SQUID.

Our design unifies the advantages of these two approaches
by relaxing the condition on maximum return loss to −10 dB.
This allows us to engineer a hornlike CPW transformer with
characteristic impedance varying from 50� to 18� following
the Klopfenstein taper profile [Fig. 1(b)]. The hornlike CPW
impedance transformer is designed by fixing its gap to 3 µm
and varying the center-trace width from 7.8 to 218 µm. The
single CPW structure can be simulated using simple rf design
suites such as TX-LINE [28], and its dimensions are com-
patible with single-layer photolithography and reactive-ion
etching techniques (details in Supplemental Material [27]).
As a result, this approach significantly reduces the complexity
overhead in both design and fabrication, which is reflected by
the simple construction of our device shown in Fig. 1(c).

Device Characterization. The CIMPA is wire bonded to
a printed circuit board (PCB) and packaged using a cop-
per box. The device is then attached to the mixing chamber
stage of a dilution fridge operating at 20 mK. It is con-
nected to room-temperature microwave apparatus as shown
in Fig. 1(d). A transmon qubit is integrated into the mea-
surement setup to calibrate the signal power and detect
possible backaction from the parametric process. Two Quin-
Star 4–8 GHz cryogenic circulators are used to route the
signals, and the signals leaving the transmon are amplified

FIG. 2. CIMPA’s spectrum. Reflectometry spectroscopy per-
formed using a VNA shows phase twists across the SQUID’s
resonant frequencies. Repeating the measurement at various flux
biases yields the CIMPA’s characteristic frequency spectrum, which
fits the relation given by Eq. (4) with excellent agreement.
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FIG. 3. CIMPA’s performance. (a) Instantaneous signal gain, where the 20-dB-gain range is highlighted in cyan and 15-dB-gain range is
highlighted in blue, (b) noise temperature, and (c) input saturation power (dark green) and output saturation power (light green) of the CIMPA
operated at �e/�o = 0.3 and ωp = 2π×13.41 GHz. (d) Signal gain at different CIMPA frequencies tuned by varying �e.

by the CIMPA and a high-electron-mobility transistor ampli-
fier (HEMT) (wiring details are given in the Supplemental
Material [27]).

In the first step, we extract the parameters of the nonlinear
resonator by measuring the small-signal linear response of
the device using a vector network analyzer (VNA). As the
probe signal goes through ω0/(2π ), the reflected signal phase
is twisted, indicating a resonant condition, and the resonant
frequency is extracted by fitting the reflection spectrum [31].
When we adjust the external flux bias �e of the SQUID, the
resonant frequency changes according to

ω0 = {
C[LJ,eff|cos(π�e/�0)|−1 + Lgeo]

}−1/2
, (4)

where Lgeo is the parasitic geometric inductance originating
from the leads, Leff is the effective inductance of the SQUID at
zero flux, and �0 is the magnetic flux quantum. Measuring the
phase response at each flux point gives us the spectrum shown
in Fig. 2. By fitting the measured spectrum, we extract the
following parameters: LJ,eff = 69 pH, C = 4 pF, and Lgeo <

4 pH. The spectrum also allows us to estimate the asymmetry
of the SQUID to be less than 1%.

We proceed to characterize the CIMPA’s gain profile,
noise performance, and dynamic range. We set the external
flux bias to �e = 0.3�0 and apply a microwave pump tone
at frequency ωp/(2π ) = 13.41 GHz with 3.41 dBm power
outside the fridge. We measure the microwave response us-
ing the VNA, observing over 20 (15) dB gain over a 200-
(700)-MHz bandwidth [Fig. 3(a)]. Such a high increase in
the bandwidth cannot be explained solely by the increased
resonator linewidth [17]. As discussed in Ref. [17], the weak
frequency dependence of Zin due to possible impedance mis-
match strongly assists the enhancement of the bandwidth, but
it hinders the quantitative comparison between the theory and
experiments without the careful calibration of the impedance
of the measurement chain [27]. A qualitative comparison with
the calculated gain performance is presented in the Supple-
mental Material [27].

The noise performance of the device can be characterized
via the signal-to-noise ratio (SNR) improvement SNRimprv

measured by a spectrum analyzer (SA) [17,19,21,32]. In an

amplification chain consisting of a CIMPA and a HEMT, the
SNR improvement due to the CIMPA is given as

SNRimprv =
(

TCIMPA

THEMT
+ 1

G

)−1

, (5)

where TCIMPA and THEMT indicate the noise temperatures of
the CIMPA and the HEMT, respectively. The extracted noise
temperature with THEMT = 2.3 − 2.9 K is shown in Fig. 3(b),
which approaches the quantum noise limit. The uncertainty
here originates from the estimated THEMT range. The device
approaches the quantum noise limit over the 700 MHz range,
and the noise increase beyond this range is mainly because the
CIMPA’s gain is not large enough to compensate for the noise
at the HEMT.

Presently, we characterize the saturation power of the de-
vice as follows. First, the relation between the actual signal
power going into the CIMPA and the power set on the VNA
must be established. By measuring the ac Stark shift and
measurement-induced dephasing of the transmon qubit at var-
ious VNA powers, we can calibrate the cable attenuation [19]
(calibration details in Supplemental Material [27]). Then, we
gradually increase the power until the gain falls off by 1 dB
and convert this using the established attenuation. The result
in Fig. 3(c) shows an average input 1-dB compression point
of approximately −110 dBm. Compared with the input satu-
ration power of simple JPAs coupled to a 50� environment
(with Q ≈ 15), which is less than −120 dBm [14,17,24], our
saturation power is increased by around 10 dB. This can be ex-
plained by the reduction in the environment’s input impedance
in our design (with Q ≈ 4), as Psat ∼ C/Zin [17].

In addition to the instantaneous bandwidth, we can flux
tune the device and operate it at other frequencies. To show-
case this capability, we calibrate the CIMPA’s parameters at
five different external flux points corresponding to a frequency
range of 1.4 GHz, and we then characterize the gain perfor-
mance of the device across this broad range. Figure 3(d) shows
that the combination of the engineered broadband impedance
transformer and the inherent flux tunability allows the device
to amplify signals with frequency ranging from 6 to 7.4 GHz
and at least 15 dB of maximum gain.
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FIG. 4. Transmon’s coherence time statistics for CIMPA on
(pumped) and off (unpumped), with the mean values equal to 14.78
and 16 μs, and the standard deviations equal to 1.41 and 5.45 μs,
respectively. The statistics consist of 201 individual measurements
in each setting.

Importantly, possible backaction from the parametric pro-
cess can undermine the integration of an amplifier into a
qubit measurement setup. For example, spurious microwave
radiation from the CIMPA can populate the readout resonator
connected to the qubit, leading to photon-noise dephasing
[33,34]. To investigate the possible backaction of the CIMPA
device, we measure the echo time T2,echo of the qubit with
and without amplification. To turn off the CIMPA, we remove
the pump tone and flux tune its frequency away from the
qubit’s readout resonator, such that the amplifier acts as a
passive mirror. When the CIMPA is turned on, it provides a
gain of 21 dB for the readout signal frequency at 6.633 GHz.
The T2,echo measurement is repeated continuously over 201
iterations in each setting to provide reliable statistics despite

temporal fluctuations. We attribute the wider fluctuation range
associated with the measurement when the CIMPA is off to
the approximately 10-times-longer data acquisition time. As
shown in Fig. 4, there is no significant degradation of the
qubit’s coherence time beyond random fluctuation when the
CIMPA is operated.

Summary and discussion. In conclusion, we show that the
CIMPA’s design and fabrication is as simple as the JPA’s,
yet its performance is comparable to earlier IMPA imple-
mentations. Therefore, it fills the technological gap between
JPAs and TWPAs, with potential applications ranging from
qubit readout to axion dark-matter detection. Compared to
typical TWPAs, the CIMPA device reported here has a nar-
rower bandwidth and lower dynamic range. However, we note
that on one hand, a majority of quantum experiments do not
require a 3-GHz bandwidth, and on the other hand, we can
integrate SQUID arrays [25,35] or superconducting nonlinear
asymmetric inductive elements (SNAIL) [20] into the CIMPA
design to increase its power-handling capability.
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