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Abstract. We examine the performance of a Josephson Parametric Amplifier (JPA) which uses
an array of SNAILs (Superconducting Nonlinear Asymmetric Inductive eLements) as the source
of nonlinearity and leverages the technique of impedance engineering (introducing a positive
linear slope in the imaginary part of the input impedance seen by the SNAILs) to overcome a
traditional gain-bandwidth product and increase the 1-dB compression point. We experimentally
demonstrate an 18 dB gain over a 586 MHz band, along with a 1-dB compression point -101.9
dBm. All these characteristics are of great importance for the quantum devices measurements and
in particular for the single-shot readout of a multi-qubit system. The signal-to-noise ratio after
the application of the JPA was increased by 3 times. That led to the improvement of separation
fidelity of single-shot dispersive measurements of a transmon qubit from 30.6% to 97.2%.
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Annoramus. B 1aHHoi1 paboTe nccieayeTcs IpuMeHeHHUE IIIMPOKOITOJIOCHOTO IK03¢(hCOHOBCKOTO

IIapaMETprUiYCCKOIro yCUIMTCIA Ha OCHOBC CBEPXIIPOBOAALINX HEJIMHEMHBIX ACUMMCTPUYHLBIX
WHAYKTUBHBIX 9JICMCHTOB SNAIL B KauyecTBe MCTOYHMKA HEJIMHEHHOCTU M C MCIIOJIb30BaHUEM
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TEXHUKHM TpaHCHOpPMAllMM WMITenaHca (BBeIECHWE YACTOTHOM 3aBUCUMOCTM MHMMOW YacTH
BXOTHOTO MMITeAaHca) I yBeamdueHns gain-bandwidth product m MolIHOCTH HaCHIIICHNS. Bein
SKCIIEPUMEHTAJIBHO MPOAEMOHCTPpUPOBaHbl KoddduiueHT ycuiaeHus 18 nb B mojoce 586 MI'n
U MOIIHOCTh HachllleHus1 -101.9 nbM. DT XapaKTepMCTUKU OYE€Hb BaKHbI UISI M3MEPEHMI
KBaHTOBBIX YCTPOMCTB, M B YACTHOCTHU JJISI IPOCKTUBHOIO CUMTHIBAHMSI MHOTOKYOUTHOI CUCTEMBI.
biaronapst MCIIONIB30BAHUIO YCWIIMTENSI OTHOILEHWE CUTHAJI-IIIyM W3MEPUTENIBHOU LIeNUd ObLIO
YBEJIMUEHO B TPU paza. DTO TIPUBEIO K YIYYIIEHWIO TOYHOCTU TIOTPEIIHOCTU pas3le/ieHUs
COCTOSTHUI MPOEKTUBHOTO JMCIIEPCMOHHOTO CUMTBhIBaHUSI KyouTa-TpaHcMmoHa ¢ 30.6% no 97.2%.

KiroueBble ciioBa: mapaMeTpuuyecKuil yCWJIUTEb, JK03e(COHOBCKUI Mepexo, MOIIHOCTD
HACBIIIEHNS, JUCIIEPCUMOHHOE CUUThIBAHUE
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Introduction

As the field of quantum computing is rapidly evolving, quantum devices incorporate more
and more qubits, inevitably forming a demand for broadband parametric amplifiers which can be
used for multiplexed qubit readout. Commercially available HEMT amplifiers are not sufficient
because of high added noise, 7,,.,,, =3—5 K. Josephson Parametric Amplifiers (JPAs) are capable
of reaching the minimum added noise imposed by quantum mechanics, T ~ 0.3 K, and conse-
quently can increase the signal-to-noise ratio (SNR) several-fold. Enhancement of SNR is a vital
task for qubit measurements because it allows to speed up readout and improve the fidelity.

Moreover, JPAs have to provide a decent gain G ,, to overcome the noise from the subsequent

HEMT amplifiers, as follows from the expression for the chain noise:

T, =T, +—THEMT. (1)

chain JPA G
JPA

Thus, the crucial requirements which define the performance of the JPA are low added noise,
high gain (15—20 dB), large bandwidth and dynamic range, as well as ease of operation.
Generally, a parametric amplifier is just a nonlinear oscillator, where the nonlinearity provides
the power transfer from the strong pump to the weak quantum signal. JPAs employ the Josephson
junctions (JJs) to introduce the required nonlinearity: their inductance depends on the phase drop
¢ across the JJ as
D, /1,

a cos(Q) ’

where @ is a magnetic flux quantum and /; is the junction’s critical current.

The performance of JPAs is fundamentally confined by several factors. First of all, there
is a trade-off between the power gain and the bandwidth of amplification, namely the ‘gain-
bandwidth product’ [1]:

G=1+ 2 , I'c . )

1+(0/T)? G-I 2)

Thus, there is no sense to strive to reach the gain more than 15-20 dB because that is enough

to overcome the noise from HEMT amplifiers and further increase in gain will just lead to the
decrease in bandwidth.
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Next, the amplification decreases at high signal powers as it is provided by plentiful though still
depletable photons from the pump. To quantify this effect, the so-called 1-dB compression point
is introduced as the signal power at which the gain drops by 1 dB.

Seeking the way to sidestep negative influence of the aforementioned factors, we study a JPA
which uses an array of M = 23 SNAILs (Superconducting Nonlinear Asymmetric eLements) as
a nonlinear element [2]. This architecture offers great flexibility while designing the device. A
single SNAIL consists of 3 large Josephson junctions (inductance L)) in a loop with one smaller
junction (inductance L,/a) (Fig. 1).

Fig. 1. Design (top) and false color scanning electron micrograph (bottom) of the structure (a);
the Al-based tunnel junctions are shaded in pink and blue for two different evaporation angles,
respectively. Nonlinear resonator composed of a capacitively shunted SNAIL array (red) coupled
to the source impedance via two transmission line segments (blue) introducing a positive linear
slope in the imaginary part of the input impedance Z [o] (b). Implementation of the circuit in (b)
using microstrip geometry (c); the transformer and the pump filter are fabricated on separate chips

The Hamiltonian of such amplifier can be approximated as [2]:

H at A A A A A
%A=(oacﬂa+g3(a+a*)3+g4(a+aT)4. (3)
Then the power gain for a signal at frequency o _and the pump at o, is
4 2 2
Glo]=1+ e gl : @
K
(Af, - +I—4|g |2)2 +(K(0)2
0 o, 32
where =0, _Tp’ g=2g0,, A =0, —7p+?g4 lat, ;

a, is the mean intracavity amplitude and « is the dissipation rate defined by coupling to the
transmission line. The performance of an amplifier depends only on o , g,, g, and «, which can be
tuned via engineering L, M, o, o,.

The expression for G[w] (4) may lead to a confusion that the gain-bandwidth product can
be set arbitrarily large by applying a stronger pump. However, that is not so. Higher-order terms
will appear in Hamiltonian (3) with the extreme increase in pump power making the further
analysis invalid. Moreover, as regards experimental setup, huge pump may cause the increase in
the cryostat base temperature and interfere with the experimental process.

The device under study leverages another technique to go beyond the gain-bandwidth product,
impedance engineering [1]. The design uses a combination of a A/4 and a A/2 impedance trans-
formers to introduce the frequency dependence of the environmental impedance:

Z,[o]=R+iEo. %)
It turns out that by tuning & it is possible to eliminate the leading-order quadratic dependence
of Glo].
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Thereby the modified gain-bandwidth product can be rewritten as:

G[CO] =1 +—G’""x -l r 1 (6)

1+(0/T)" .1

As one can see, application of impedance engineering makes the trade-off between gain and
bandwidth less severe.

SNR measurement can be used to estimate the JPA’s added noise. When the pump is off JPA
provides no amplification so the only active amplifiers in the chain are HEMTs:

A
SNRy vy =7 @)
T HEMT
After turning the pump on, the signal A is amplified in JPA as well:
SNR.. = GHEMTGJPAA — A _ A
JPA - .
GHEMTGJPATJPA + GHEMTT HEMT TJPA + @ Tchain (8)
GJPA
Combining (7) and (8),

T — T SNRHEMT _ THEMT . (9)

JPA HEMT
SN RJPA GJPA

Eq. (9) provides an easy way to learn 7}, in situ.

Materials and Methods

The fabrication of the device starts with the aluminum evaporation on a silicon substrate
followed by etching of a patterned optical resist mask in Cl, plasma. To minimize the amount of
native oxide on silicon substrate, piranha solution and buffered HF treatment were implemented
[3]. The Josephson junctions for the device were fabricated using electron lithography and the
aluminum was evaporated using Dolan bridge technique [4].

Results and Discussion

The characterization is done by monitoring the transmission through the amplifier while
sweeping the signal frequency and the pump power. The results are shown in Fig. 2,a. The
flattest gain profile is shown in Fig. 2,b. The saturation power measurement is shown in Fig.
2,c, demonstrating the high 1-dB compression point —101.9 dBm which is on par with the best
reported amplifiers [2], [1].
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Fig. 2. Characterization of amplifier: amplification (color) versus signal frequency and pump
power (a), the huge bandwidth is detected in a wide range on the pump power scale; slice
of the dependence in (a) at the pump power -80 dBm (b), 18 dB gain is reached in a bandwidth
of 586 MHz; 1-dB compression point measurement (c) (signal frequency 7.34 GHz)
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Fig. 3. Application of the amplifier. Comparison between the transmission profiles through
the readout line of the 5-qubit sample with active JPA (red, pump signal on) and inactive
(blue, pump signal off) (a): in ‘off’-state, the JPA has almost no effect on transmission. The SNR
at resonator frequencies (sharp dips in transmission) in ‘on’-state is increased by approximately
3 times (see Table 1). Applying the device for single-shot qubit measurements (resonator II at
7.232 GHz) (b): the |0) and |1) states are nearly indistinguishable after I-pulse (blue) and m-pulse
(red) without JPA (b) providing poor separation fidelity of 30.6%. After turning on the JPA,
the state histograms become well-separated with decent fidelity of 97.2% (c)

For the ease of application of the amplifier for any quantum device the optimization algorithm
was developed. It takes as input the needed gain and bandwidth and seeks for the parameters
(bias magnetic flux, pump frequency and power) which provide the best performance. Using it, a
suitable working regime for a 5-qubit device was found. The improvement of the SNR is shown
in Fig. 3,a. Due to improved SNR, the fidelity of single-shot 1Q-clouds measurement [5] was
also enhanced (Fig. 3 b, ¢).

The SNR was measured for the resonant frequencies of the resonators for dispersive readout.
Results are shown in Table 1. It can be seen that a three-fold increase in SNR was achieved in
the entire band. According to Eq. (9), one can estimate the additional noise of JPA knowing the

Tpnr = 3 K T, = 0.4 K which is comparable to the quantum noise.
Table 1
Improvement of SNR for resonant frequencies
Frequency (GHz) SNR = SNR . SNR,,, /SNR
7.086 16.6 47.2 2.8
7.232 19.0 61.9 33
7.262 16.4 48.4 2.9
7.374 17.9 54.1 3.0
7.429 7.3 20.4 2.8

Conclusion
The performance of the Josephson Parametric Amplifier was examined. The design leveraging

the techniques of SNAILs and Impedance Engineering allows for high 1-dB compression point
-101.9 dBm and power gain 18 dB in a bandwidth 586 MHz. The amplifier was used for the
measurement of a 5-qubit processor. It tripled the signal-to-noise ratio and increased the separation
fidelity of single-shot measurements from 30.6% to 97.2%.
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