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Abstract—Superconducting qubits have become a promising and rapidly growing research area over the last
two decades. However, there are specific challenges when working with such a delicate system. One of them
is the qubit state readout. Since a very small signal (of the order of 1 photon) is used for the readout, its detec-
tion is challenging and it requires low-noise cryogenic amplifiers working in the 3—12 GHz frequency range.
Josephson parametric amplifiers (JPAs) are one of the most studied and developed candidates. Currently,
several JPA designs offer low noise performance and instantaneous bandwidth from tens of MHz to several
GHz; they are also becoming an integral part of circuit Quantum Electrodynamics (cQED) setups. In the
current work, results are presented of the measurements of a JPA made of a coplanar waveguide with an array
of three SQUIDs. Nondegenerate amplification and an amplifier added noise being close to the quantum

limit are demonstrated.

DOI: 10.1134/S0020441224701495

1. INTRODUCTION

Reading the state of a quantum system is one of the
most important stages of any work in the actively
developing field of CQED (circuit quantum electro-
dynamics). Accurate reading is essential when observ-
ing quantum jumps [1], quantum trajectories [2, 3],
implementation of quantum error correction [4], and
observation of nonclassical states of light [5]. The
power of the read signal in all these applications is very
small (on the order of a few photons per band), and the
signal must be amplified to be detected by the mea-
surement equipment. As is known, any amplifier adds
noise to the signal, and the issue of the amplifier’s
noise temperature becomes especially acute in the
case of such weak signals.

The minimum possible added noise of an amplifier
(the so-called quantum limit) is 7, = hf/2ky [6],
where /£ is Planck’s constant, k, is Boltzmann con-
stant, and f is frequency of the amplified signal.
At 8 GHz, the quantum limit of the amplifier’s equiv-
alent noise temperature is approximately 190 mK.
Real amplifiers may be inferior to the ideal design for
a number of reasons. For example, additional noise in
an amplifier can be caused by thermal radiation from
circuit elements, losses in the circuit, low quantum
efficiency, shot noise, fluctuations, and carrier trans-
port features in the sample.

A Josephson parametric amplifier (JPA) at a tem-
perature of 10—50 mK and with an optimal circuit
design can be free from all these additional noise
sources; it allows amplification of microwave signals
with minimal addition of noise, at the level of the
quantum noise limit. However, one should take into
account the noise level of the following amplification
stage after the JPA in real measurements, where cryo-
genic transistor amplifiers are usually used. With a
gain of the JPA equal to 10 dB and an equivalent noise
temperature of the subsequent stage equal to 3 K, the
contribution of the transistor amplifier to the chain
noise can be 300 mK, i.e., be approximately equal to
1.57T, at 8 GHz, whereas the contribution will be
30 mK, i.e., small compared to Ty, with a gain of the
JPA of 20 dB.

In this paper, we present the results of the develop-
ment of a niobium-based JPA consisting of a quarter-
wave coplanar resonator with an array of three
SQUIDs [7]. We demonstrate the presence of nonde-
generate four-wave gain [8—12] and added noise close
to the quantum limit. The creation of a JPA circuit
based on niobium technology is of significant practical
interest due to its durability and the higher critical
temperature of the material compared to similar
parameters of the widespread aluminum technology.
The nondegenerate operating mode of the JPA is con-
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Fig. 1. Josephson contact amplifier sample design: (a) basic circuit diagram of the amplifier consists of a quarter-wave resonator
and three SQUIDs, the signal and pump are supplied through two independent channels; (b) Photograph of a sample with two

amplifier circuits in an experimental setup. Chip size 4 X 4 mm?. Signal input is on the left, pump input is on the right.

venient for frequency separation of signal and pump
channels.

2. DESCRIPTION OF THE SAMPLE
AND MEASURING SETUP

The amplifier sample was fabricated using optical
lithography in standard Nb/AlOx/Nb-in the process
[13, 14]. The schematic diagram of the amplifier is
shown in Fig. 1a. The amplified signal is fed to the
amplifier input through a capacitive coupling element,
then it enters a coplanar quarter-wave resonator
loaded with an array of three DC SQUIDs. The
inductance of Josephson contacts depends on the
magnitude of the applied magnetic field on the
SQUID. As a result, the operating frequency of the
amplifier is retuned by an external magnetic field.
Typically, the experiment records the current through
the solenoid, which creates a magnetic field on the
SQUID in the amplifier, and, as a result, the experi-
mental data are presented as the dependence of the
resonant frequency of the amplifier circuit on the cur-
rent through the solenoid. The tuning range of the res-
onant frequency of the amplifier circuit coincides with
the operating band of the amplifier. The critical cur-
rent of the Josephson contacts was approximately
3.4 uA. The pump signal is supplied via a separate
coplanar transmission line inductively coupled to the
SQUIDs.

The amplifier housing is part of the test setup (Fig. 2).
Depending on the size of the housing cavity above the
sample, it is possible to excite a bulk mode that
strongly interacts with the circuit of the device under
test (e.g., [15]). We carried out initial tests (Fig. 3) in
the holder described in [15], with a relatively high cav-
ity resonant band (approximately 30 GHz), signifi-
cantly exceeding the operating frequencies of the
amplifier. To implement a nondegenerate amplifier, a
housing with cavity dimensions providing resonance
near 7.9 GHz was used. In this case, due to the volume
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resonance of the case, a two-circuit resonant circuit
was obtained, which is necessary for the operation of a
nondegenerate amplifier.

2. EXPERIMENTAL SETUP DIAGRAM
AND MEASUREMENT RESULTS

The amplifier is placed in a cryostat and is main-
tained at a temperature of 34 mK. The pump signal
and the signal from the network analyzer are fed to the
pump input and signal input of the amplifier through
cooled attenuators that prevent the passage of thermal
noise. Josephson contacts are included in the SQUID
circuit. The resonance in the cavity above the ampli-
fier circuit is represented by a series circuit. The source
of calibrated noise is matched loads located at physical
temperatures of 34 mK and 3.5 K. For the conve-
nience of the experiment, the “hot” load, the tem-
perature of which is 3.5 K, is connected to the ampli-
fier input through an attenuator cooled to 34 mK with
an attenuation of 10 dB. The gain is measured by a net-
work analyzer; the noise power at the amplifier output
is measured by a spectrum analyzer.

3. AMPLIFIER FREQUENCY RETURN

The parametric amplifier is based on the effect of
the dependence of the inductance of a SQUID
included in a microwave resonator circuit on the exter-
nal magnetic flux. The magnetic field passing through
the SQUID has a constant and variable component.
The constant component of the magnetic flux is cre-
ated using a solenoid wound around the sample
holder. The variable component of the magnetic flux
is created using a microwave source connected to the
pump port of the parametric amplifier circuit. Apply-
ing an external magnetic field to the solenoid reduces
the resonant frequency of the resonator. The depen-
dence of the resonant frequency on the applied field is
Vol. 67
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Fig. 2. Experimental setup for measuring the characteristics of a Josephson junction amplifier.

determined by measuring the reflection coefficient of
microwave radiation from the signal input of a para-
metric amplifier with the pumping turned off.

The measured dependences of the resonant fre-
quency of the amplifier on the current in the control
solenoid are shown in Fig. 3. The data were obtained
as a series of amplitude-frequency response (AFR) of
the circuit, measured at different values of current in
the solenoid. The width and intensity of the line on the
AFR plane indicate the strength of the connection
between the resonator in the amplifier circuit and the
signal source. The studied sample has a tuning band
from 7 to 9.2 GHz and can potentially amplify in this
range; however, the blurring of the response to the
AFR in the band 8.5—9.2 GHz may indicate a nonop-
timal connection of the resonator with the signal
source in this sub-range.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

The calculated AFR of a parametric amplifier with
resonance in the cavity of the housing (Fig. 4) is char-
acterized by a splitting of the resonance near the natu-
ral resonance frequency of the housing and illustrates
the possibility of implementing a two-circuit circuit of
a nondegenerate amplifier. The color scale in Fig. 4a
shows the level of reflection coefficient from the input
to the amplifier circuit without pumping. The region
of resonance splitting is highlighted by a dashed line
(Fig. 4a). The calculation was carried out for the
equivalent circuit in Fig. 2. The frequency dependence
of the reflection coefficient from the circuit input for
different values of the magnetic flux in the SQUIDs
(Fig. 4b) in the highlighted region demonstrates the
possibility of creating a two-circuit circuit, which is
necessary for a nondegenerate amplifier. The corre-
sponding experiments confirming the proposed model
are presented below.
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Fig. 3. Measured AFR of the parametric amplifier circuit depending on the applied external magnetic field (direct current in the
solenoid). The resonant frequency of the amplifier appears as a feature in the plane of reflection coefficients.
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Fig. 4. (a) Calculated AFR of the input circuit of the parametric amplifier depending on the applied external magnetic field for a
circuit with resonance in the housing cavity, as in the experiment in Fig. 2. The AFR region used to ensure the nondegenerate
mode of the amplifier is highlighted by a dashed line (the corresponding experiment is shown in Fig. 6). (b) Calculated frequency
response of the amplifier circuit for different values of magnetic flux in SQUIDs for the region marked by the dashed line in Fig. 4a.

4. OPTIMIZATION OF CONTROL
PARAMETERS OF A PARAMETRIC
AMPLIFIER

From the application point of view, to improve the
accuracy of one-time qubit reading, it is important to
optimize the control current, frequency, and power of
the JPA. Measuring the accuracy of reading the state
of a qubit is quite labor-intensive since it requires
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simultaneous control of both the qubit and the para-
metric amplifier. A similar value that characterizes the
usefulness of an amplifier for such an application is the
signal-to-noise ratio. In a linear approximation, this
characteristic depends only on the signal frequency.
The linear model is valid for low test signal power. The
characteristic value of the power level below which the
linear approximation is valid is the saturation power:
the 1-dB compression point.
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Fig. 5. Dependence of the optimal pumping and current parameters in the electromagnet on the target frequency (frequency of

the amplified signal).

When using a parametric amplifier for single-shot
dispersive readout of a qubit state, the bandwidth of
the amplifier must be significantly larger than the
bandwidth of the readout signal, which, in turn, is
determined by the bandwidth of the readout resonator.
Therefore, the optimization of the pump frequency
and power, as well as the solenoid current, must be
carried out for different frequencies of the test signal,
the power of which corresponds to the power of the
reading signal. In this experiment, optimization was
performed in the frequency range of 7.4—8.2 GHz with
a test signal power of —120 dBm. To determine the rel-
ative magnitude of the signal-to-noise ratio, multiple
measurements of the transmission coefficient were
performed using a vector network analyzer. The sig-
nal-to-noise ratio is proportional to the standard devi-
ation of this quantity. The results of parameter optimi-
zation are shown in Fig. 5. As expected, for a nonde-
generate amplifier, the pump frequency differs from
the signal frequency by 150—200 MHz (Fig. 5a).

The measured frequency dependences of the JPA
gain for each target optimization frequency are shown
in Fig. 6. During the measurements, the optimal
parameters of the mode from Fig. 5 were used. For

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

each optimization frequency, two gain maxima are
observed (in the signal band and in the mirror band),
characteristic of a nondegenerate parametric ampli-
fier. A gain of more than 15 dB is observed at the fre-
quency selected for optimization (lower red bar) as
well as at the mirror frequency (upper red bar). The
pump frequency lies between the lower and upper gain
bands (middle line). The difference between the pump
frequency and the gain bands reaches 200 MHz, which
is sufficient for frequency separation of the signal and
pump channels.

5. MEASUREMENT OF GAIN AND
EQUIVALENT NOISE TEMPERATURE

Measurements of the gain and noise temperature of
the JPA were carried out using the method of reference
noise signal sources. The reference noise source was a
black body, namely two matched 50-ohm loads at
known temperatures with known effective tempera-
tures. The loads are connected one by one to the
amplifier input, and the signal power at the output is
measured using a spectrum analyzer. Reference loads
emit a noise signal over a wide frequency range,
including the mirror frequency. Therefore, it should
Vol. 67
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Fig. 6. Measured frequency dependences of the gain of the JPA for each target optimization frequency (with optimal mode
parameters from Fig. 5). A gain of more than 15 dB is observed at the frequency selected for optimization (lower red bar) as well
as at the mirror frequency (upper red bar). The pump frequency lies between the lower and upper gain bands (middle line). The
difference between the pump frequency and the gain bands reaches 200 MHz.

be taken into account that the noise power at the out-
put of the parametric amplifier comes through the sig-
nal and mirror channels. The power measured by the
spectrum analyzer in frequency band B for a linear
parametric amplifier is described by the formulas

P =GBy (Tyy + T,) + (G, — DBk, (Ty), (D)
P = GsBky (T2 + T,) + (G, - DBky (T), ()
where G and G, are gain at the signal frequency and
at the mirror frequency, Ti1 and Ti2 are equivalent

noise temperatures of a black body (in Rayleigh—Jeans
terms). Measured equivalent noise temperature of the

amplifier 7, characterizes the signal channel. In the

case when G and G, are equal in magnitude and sig-
nificantly exceed 1:

Py = GBk(2T, +T,), (3)

P, = GBky(2T;x +T,), (4)

which gives the following equivalent noise tempera-
ture of the amplifier at the signal frequency:

1 2
7, = 2 a—tn) o7y, 5)
P

out
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Power P, and Pozut is measured at two different

temperatures of the reference black body 7}, and 7;;

n’

connected to the input of the parametric amplifier.
The solution of the system of two linear equations (3)

and (4) for unknowns G7,, and G is sensitive to errors
- Tiﬁ and TiLPozm — T}ﬁPolm , so it is advisable
to choose Ti,l1 and Tiﬁ in such a way that their difference
and average are proportionate to 7,,.

. 1
in values 7},

The advantage of the described method of measur-
ing noise temperature and gain is the possibility of
obtaining absolute values calibrated to the tempera-
ture of the reference load. The disadvantage of the
method is the numerical instability of the system of
equations with respect to power fluctuations and
errors in the linear model. To calculate the noise
power of the reference loads, the effective temperature
T of the loads was used, which corresponds to the
noise power spectral density in Rayleigh—Jeans terms.
The value of T4 was calculated using the Cullen and
Welton relationship [16]:

_ N 6
Ten 2k, COth(szTj' ©

At 8 GHz, the effective cold load temperature 7;>
was approximately 190 mK. The “hot” load, at a tem-
perature of 3.5 K, is connected to the reference plane
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Fig. 7. Result of measuring the gain of a circuit consisting
of a JPA and an amplifier on a transistor with high electron
mobility. The gain is defined as the excess over the calibra-
tion curve; it reaches 15—17 dB. Target signal frequency for
optimization is f;.

in front of the amplifier through an attenuator L = 10 dB,
located at a temperature of 34 mK. The total noise
power of the “hot” load was obtained by adding the
radiation of the cold attenuator and the radiation of
the load weakened by the attenuator:

Til = % + Tetr cold (1 - %) (7

At 8 GHz, the radiation temperature from the hot load

was approximately Tirl1 =350 mK + 170 mK = 520 mK.

Another approach to measuring noise and gain is
based on measuring the signal gain using a vector ana-
lyzer. This method does not require solving equations
and gives quick results. The main disadvantage of this
method is that the obtained gain and noise tempera-
ture values are not absolute but relative. In principle,
by comparing the gain level with the result obtained by
the two-matched load method at different tempera-
tures, we can calibrate this result. The second method
was used for quick diagnostics of the amplifier.

The results of measuring the gain and effective
noise temperature of a circuit consisting of a paramet-
ric amplifier and a high electron mobility amplifier at
the 3.5 K stage of a cryostat using the reference noise
signal source method are shown in Figs. 7 and 8,
respectively.

It is evident that the gain is nondegenerate [8, 10]:
instead of one Lorentzian peak with a maximum at the
pump frequency, two peaks are observed with maxima
equidistant from the pump frequency. The split fre-
quency response is the characteristic frequency
response of a circuit consisting of two coupled resona-
tors: in this case, a circuit composed of a cavity reso-
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Fig. 8. Result of measuring the equivalent noise tempera-
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transistor with high electron mobility. Target signal fre-
quency for optimization is f;.

nator in the amplifier case and a planar amplifier cir-
cuit. As a result, the resonance of the amplifier circuit
is split into two, thereby changing the shape of the gain
curve and the gain band [11, 12]. Nondegenerate
amplification is extremely convenient when using the
amplifier to measure superconducting qubits. Since
the pumping is strongly detuned from the signal fre-
quency, its influence on the system under study is
excluded.

The frequency dependence of the gain coefficient
obtained in the experiment (Fig. 7) is in good agree-
ment with the calculated response for a two-circuit
circuit of a nondegenerate amplifier (Fig. 4b). The fre-
quencies with maximum gain in Fig. 7 correspond to
the frequencies of the resonant peaks in Fig. 4b.

The measured gain reaches 15—17 dB, and the
minimum noise of the amplification circuit
approaches 0.4—0.5 K. Here the contribution of the
transistor amplifier to the measured system noise is
approximately 0.2—0.3 K, while the added noise of the
JPA reaches 0.2 K and approaches the quantum limit
for the operating frequency of 7.8 GHz.

6. SATURATION POWER

The amplifier saturation power was measured using
a vector network analyzer. Absolute power values are
obtained by combining the results of gain measure-
ments by two methods. The point corresponding to
saturation was chosen to be the compression point of
1 dB, i.e., the power at the input of the parametric
amplifier circuit at which the gain is reduced by 1 dB
compared to the gain in the low-power signal limit.
The measurement results are shown in Fig. 9.
Vol. 67
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Fig. 9. Signal power level at 1-dB compression depending
on the center frequency of the gain band of a tunable para-
metric amplifier.

The measured value of saturation power was —124
*+ 2 dBm, which corresponds to approximately 10
photons of signal frequency with an accumulation
time of 0.1 us. The achieved values of saturation power
allow the developed amplifier to be used to determine
the quantum state of a qubit using the dispersion read-
out method.

7. CONCLUSIONS

This paper presents the characteristics of the devel-
oped parametric microwave amplifier consisting of a
quarter-wave coplanar resonator with an array of three
SQUIDs. The measured values of the equivalent noise
temperature of the developed microwave amplifier on
a Josephson contact are significantly lower in magni-
tude than the noise of a cryogenic amplifier on a tran-
sistor with high carrier mobility (2—3 K), which con-
firms the usefulness of the developed amplifier for
constructing circuits for reading qubit states. The most
reliable measurement of the absolute value of the
equivalent noise temperature of an amplifier chain
consisting of a JPA and a transistor amplifier is made
using the reference noise source method. Two abso-
lutely black bodies (absorbers) with an equivalent
noise temperature of 190 and 520 mK were used as a
reference signal source. The minimum measured
noise temperature of the amplifier is close (within the
measurement accuracy) to the quantum limit; it was
400—500 mK.

Nondegenerate mode of operation amplifier, typi-
cal for a circuit consisting of two coupled resonators,
was demonstrated. Frequency separation of the gain
and pump bands in a nondegenerate amplifier is con-
venient for isolating the readout qubit from the ampli-
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fier pump power. The measured saturation power level
corresponds to a signal power of approximately 10
photons over an accumulation time of 0.1 us, which is
sufficient to handle typical signal powers when reading
out qubit states.
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