
PRX QUANTUM 5, 010307 (2024)

Photon-Noise-Tolerant Dispersive Readout of a Superconducting Qubit Using a
Nonlinear Purcell Filter

Yoshiki Sunada ,1,* Kenshi Yuki ,1 Zhiling Wang ,2 Takeaki Miyamura ,1 Jesper Ilves ,1
Kohei Matsuura,1 Peter A. Spring ,2 Shuhei Tamate ,2 Shingo Kono ,3,4 and

Yasunobu Nakamura 1,2

1
Department of Applied Physics, Graduate School of Engineering, The University of Tokyo,

Bunkyo-ku, Tokyo 113-8656, Japan
2
RIKEN Center for Quantum Computing (RQC), Wako, Saitama 351-0198, Japan

3
Institute of Physics, Swiss Federal Institute of Technology Lausanne (EPFL), CH-1015 Lausanne, Switzerland

4
Center for Quantum Science and Engineering, EPFL, CH-1015 Lausanne, Switzerland

 (Received 8 September 2023; revised 25 September 2023; accepted 1 December 2023; published 19 January 2024)

Residual noise photons in a readout resonator become a major source of dephasing for a superconduct-
ing qubit when the resonator is optimized for a fast, high-fidelity dispersive readout. Here, we propose
and demonstrate a nonlinear Purcell filter that suppresses such an undesirable dephasing process without
sacrificing the readout performance. When a readout pulse is applied, the filter automatically reduces the
effective linewidth of the readout resonator, increasing the sensitivity of the qubit to the input field. The
noise tolerance of the device we have fabricated is shown to be enhanced by a factor of 3 relative to a
device with a linear filter. The measurement rate is enhanced by another factor of 3 by utilizing the bifur-
cation of the nonlinear filter. A readout fidelity of 99.4% and a quantum nondemolition fidelity of 99.2%
are achieved using a 40-ns readout pulse. The nonlinear Purcell filter will be an effective tool for realizing
a fast, high-fidelity readout without compromising the coherence time of the qubit.

DOI: 10.1103/PRXQuantum.5.010307

I. INTRODUCTION

Dispersive readout has been remarkably successful as a
technique to quickly and accurately measure the state of a
superconducting qubit [1,2]. It is based on the qubit-state-
dependent frequency shift of a resonator dispersively cou-
pled to the qubit. However, the resonator introduces addi-
tional decoherence channels to the qubit. One such channel
is the energy relaxation of the qubit through the resonator,
which can be suppressed using a “Purcell filter” [3–10]
or a large qubit-resonator detuning [11]. Another promi-
nent decoherence process is the dephasing due to residual
noise photons in the resonator [12–18]. The conventional
countermeasure against the photon-noise-induced dephas-
ing has been to suppress the influx of noise from the
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readout waveguide [19–21]. A complementary approach
would be to mitigate the adverse effect of the noise on the
device side, but, to our knowledge, no such strategy has
been proposed.

Here, we propose and demonstrate a nonlinear Purcell
filter that suppresses the photon-noise-induced dephasing
of the qubit without sacrificing the readout performance.
The filter is nonlinear in the sense that its transmis-
sion coefficient depends on the amplitude of the input
field. Because of this nonlinearity, the readout resonator
responds differently to noise than to a readout pulse. This
mechanism contrasts with a conventional Purcell filter,
which utilizes the frequency difference between the res-
onator and the qubit to selectively suppress the energy
relaxation of the qubit.

We first show in Sec. II that the conventional dispersive
readout with a linear Purcell filter suffers from a funda-
mental trade-off relation between the measurement rate
and the photon-noise-induced dephasing rate. Then, we
describe in Sec. III how a nonlinear Purcell filter enables us
to overcome this trade-off by automatically increasing the
sensitivity of the qubit to the input field with the applica-
tion of a readout pulse. The idea of a self-deactivating filter
originates from the “Josephson quantum filter,” which is a
nonlinear filter that suppresses the coupling of a qubit to
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a waveguide but saturates and deactivates with the appli-
cation of a qubit control pulse [22–24]. To experimentally
demonstrate the nonlinear Purcell filter, we fabricate the
device described in Sec. IV A and measure the enhance-
ment of the noise tolerance in Sec. IV B. In Sec. IV C, we
demonstrate fast, high-fidelity readouts, taking advantage
of the bifurcation of the nonlinear filter to enhance the sep-
aration of the readout signal. This technique is similar in
spirit to the readout schemes that utilize the bifurcation
of a nonlinear readout resonator [25–31]. In Sec. IV D,
we demonstrate that the nonlinear Purcell filter is effective
even during gate operations.

II. LIMITATION OF THE CONVENTIONAL
SCHEME

Without a nonlinear filter, optimizing a readout res-
onator for a fast, high-fidelity dispersive readout inevitably
increases the sensitivity of the qubit to the residual noise
photons in the resonator. This trade-off relation can be
quantified as follows. The photon-noise-induced dephas-
ing rate is proportional to the average noise-photon number
n̄noise for the case of weak thermal noise (n̄noise � 1) and is
given by [13,17]

�noise
φ = κeffχ

2
qc

κ2
eff + χ2

qc
n̄noise. (1)

Here, κeff is the linewidth of the resonator (the effec-
tive linewidth if a bandpass Purcell filter [4,5] is used),
and χqc is the full dispersive shift. Note that, since the
resonator is highly overcoupled to a waveguide, the noise-
photon number depends only on the noise spectral den-
sity in the waveguide and not on the resonator linewidth
or the temperature of the intrinsic bath. In comparison,
the measurement-induced dephasing rate [32–34], which
equals the maximum measurement rate [35], is given by

�meas
φ = 2κeffχ

2
qc

κ2
eff + χ2

qc
n̄meas. (2)

Here, n̄meas is the average photon number in the resonator,
which is assumed to have reached the steady state under the
application of a readout tone. The frequency of the readout
tone is assumed to be the average of the qubit-dressed res-
onator frequencies corresponding to the two qubit states.
Equations (1) and (2) are similar except for the factor of
2 that originates from the difference between the photon-
noise spectra of a thermal state and a coherent state [18].
The similarity is fundamental because they both describe a
process where the information about the qubit state is car-
ried away by the photons decaying out of the resonator.
Therefore, increasing the quantity κeffχ

2
qc/(κ

2
eff + χ2

qc) not
only helps improve the speed and fidelity of the readout

but inevitably makes the device more sensitive to the noise
photons in the readout resonator.

The “dynamic range of dephasing rate” �meas
φ /�noise

φ

quantifies how quickly the qubit can be measured rela-
tive to the dephasing rate during its idle time and gate
operations. This is an important figure of merit for appli-
cations such as quantum error correction, where ancillary
qubits containing the error syndromes need to be measured
quickly while their dephasing-induced gate errors need to
be minimized. Since the dephasing rates are proportional
to the photon numbers, the dynamic range of the dephasing
rates is determined by that of the photon numbers:

�meas
φ

�noise
φ

= 2
n̄meas

n̄noise
. (3)

A readout-tone photon number as high as n̄meas ∼ 103 [36]
and a noise-photon number as low as n̄noise ∼ 10−4 [20]
have been reported, suggesting that a dynamic range of up
to �meas

φ /�noise
φ ∼ 107 should be feasible with current tech-

nology. However, in general, a large n̄meas degrades the
quantum-nondemolition (QND) properties of the readout
via effects such as measurement-induced energy relax-
ation [37–45] and leakage into higher energy levels of the
qubit [46–51]. On the other hand, reducing n̄noise requires
cooling the microwave components in the readout waveg-
uide, which is becoming increasingly difficult because
the electron-phonon coupling diminishes at low temper-
atures [19,20]. Therefore, increasing n̄meas/n̄noise is not a
sustainable approach to improving the dephasing time T2
relative to the time required to perform a readout. This
calls for the introduction of nonlinearity that breaks the
proportionality between the dephasing rates and the photon
numbers.

III. NONLINEAR PURCELL FILTER

Our nonlinear Purcell filter modifies the relation
between the qubit dephasing rate and the photon num-
ber in the readout resonator by automatically changing the
effective linewidth of the resonator. Figure 1 shows an
intuitive interpretation of how the filter works. The filter
is a Kerr nonlinear resonator inserted between the read-
out resonator and the readout waveguide. It can take the
form of a weakly anharmonic superconducting qubit such
as the transmon qubit [52], which has the advantage that
it can be fabricated along with the data qubit. The filter
is designed to be resonant with the readout resonator so
that when there is no readout pulse, the effective linewidth
κeff of the resonator is significantly larger than the disper-
sive shift χqc. Then, the photon-noise-induced dephasing
of the data qubit is suppressed because, as expressed in
Eq. (1), the ratio between the dephasing rate �noise

φ and
the average noise-photon number n̄noise approaches zero for
κeff � χqc. When the linewidth of the readout resonator is
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(a)

(c)(b)

FIG. 1. Suppression of photon-noise-induced qubit dephasing
with a nonlinear Purcell filter. (a) Schematic of the system. A
nonlinear filter resonator is inserted between the readout res-
onator and the readout waveguide. It acts as a tunable coupler that
automatically reduces the effective linewidth κeff of the readout
resonator with the application of a readout pulse. (b) Shift of the
filter passband induced by the application of a readout pulse. This
decreases the transmission of the filter and therefore the effective
linewidth κeff of the readout resonator. Here, we have ignored the
effect of the bifurcation of the nonlinear filter. (c) Ratio between
the photon-noise-induced dephasing rate �noise

φ and the average
noise-photon number n̄noise in the resonator as a function of the
resonator linewidth κeff. The nonlinear filter is designed such that
κeff � χqc (κeff = χqc) without (with) the application of a read-
out pulse, where χqc is the full dispersive shift of the readout
resonator due to the data qubit.

sufficiently large, the noise photons stay in the resonator
for only a short time and do not acquire much informa-
tion about the qubit state. Therefore, by maintaining the
condition κeff � χqc while the qubit is idle or undergoing
gate operations, the nonlinear filter protects the qubit from
the photon-noise-induced dephasing.

When a readout pulse is applied, the passband of the
filter shifts because of its Kerr nonlinearity, decreasing
the effective linewidth κeff of the readout resonator. The
nonlinearity of the filter and the amplitude of the read-
out pulse can be chosen such that the condition κeff = χqc
is met during the readout pulse. This condition maxi-
mizes the measurement-induced dephasing rate expressed
by Eq. (2) and therefore the measurement rate by the
readout pulse. Thus, the nonlinear filter enables a fast,
high-fidelity readout while suppressing the adverse effect
of the noise photons on the idle-time coherence and the
gate-control fidelities of the qubit.

A distinctive feature of the nonlinear Purcell filter is that
its effect is self-deactivating: the sensitivity of the qubit to
the input field is automatically increased with the appli-
cation of a readout pulse. This contrasts with the scheme
demonstrated in Ref. [53], where the dispersive shift χqc

is manually increased during a readout by controlling the
qubit frequency using a flux pulse. Our scheme has the
advantage that it does not require any control signal other
than the readout pulse and is applicable to any type of qubit
that can be dispersively read out.

IV. EXPERIMENTAL DEMONSTRATION

A. Device

To experimentally demonstrate the nonlinear Purcell fil-
ter, we have fabricated the device shown in Figs. 2(a)–2(c).
The relevant part of the device consists of a data qubit, a
readout resonator, and a nonlinear filter and can be rep-
resented by the circuit model shown in Fig. 2(d). The
data qubit is a transmon [52] with a resonator-dressed
qubit frequency of ωq/2π = 8.4969 GHz and an energy-
relaxation time of T1 = 17 ± 1 µs. The readout resonator
is a λ/2 resonator with an intrinsic Purcell filter [9] and
has a ground-state-qubit-dressed frequency of ωc/2π =
9.7927 GHz and a full dispersive shift of χqc/2π =
−11.8 MHz. The nonlinear filter is a λ/4 resonator inter-
rupted by a superconducting quantum interference device
(SQUID) and has a flux-tunable resonance frequency ωf ,
an anharmonicity of αf /2π = −0.12 GHz, a coupling
strength of gcf /2π = 88 MHz to the readout resonator, and
an external linewidth of κf /2π = 0.31 GHz. The intrinsic
Purcell filter is implemented because the bandpass-filtering
effect of the nonlinear filter does not sufficiently suppress
the energy relaxation of the qubit into the readout waveg-
uide. The energy-relaxation time would have been limited
to 47 ns with no Purcell filter and 5 µs with just the non-
linear filter (for the formula, see Appendix D). The master
equation and the Hamiltonian of the system in the rotating
frame of the qubit and the readout tone are given by

d
dt

ρ̂ = −i[Ĥ/�, ρ̂] + 1
T1

D[|g〉〈e|]ρ̂ + κf D[f̂ ]ρ̂, (4a)

Ĥ/� = (δc + χqc|e〉〈e|)ĉ†ĉ + δf f̂ † f̂ + αf

2
(f̂ †)2 f̂ 2

+ gcf (ĉ† f̂ + ĉf̂ †) + �

2
(f̂ + f̂ †). (4b)

Here, |g〉 and |e〉 are the ground and excited states of
the qubit, ĉ and f̂ are the annihilation operators of the
readout resonator and the filter, δc := ωc − ω and δf :=
ωf − ω are their frequencies in the rotating frame, ω and
� are the frequency and amplitude of the readout tone, and
D[f̂ ]ρ̂ := f̂ ρ̂ f̂ † − 1

2 (f̂ † f̂ ρ̂ + ρ̂ f̂ † f̂ ).
While not necessary, the filter in our device is designed

to be tunable by applying a magnetic field through the
SQUID. This is to demonstrate the robustness of the filter
to parameter variations in the fabrication and to deter-
mine the device parameters using the method detailed in
Appendix B. Figure 2(e) is obtained by sweeping the cur-
rent through the coil that generates the magnetic field and
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(a)

(b)

(c)

(d)

(e)

FIG. 2. Device containing a nonlinear Purcell filter. (a) Pho-
tograph of the entire chip. It is made from epitaxially grown
titanium nitride (yellow) and evaporated aluminum (white) on a
silicon substrate (gray). The left side of the chip contains a read-
out resonator and a linear Purcell filter, which are not used in
this work. (b) Enlarged photograph of the nonlinear filter, which
is a λ/4 resonator interrupted by a superconducting quantum
interference device (SQUID). The length of the resonator has
been adjusted by short circuiting its end with an aluminum pad.
(c) Enlarged photograph of the SQUID, which has been fab-
ricated at the same time as the Josephson junction in the data
qubit. The nonlinear filter is galvanically connected to the read-
out waveguide at the right end of the SQUID. (d) Distributed-
element circuit model of the relevant part of the device. (e) Phase
spectrum of the measured reflection coefficient S11 of the nonlin-
ear filter as a function of the current through the coil in the sample
holder. The blue dashed line represents the frequency of the read-
out resonator, the orange circles the frequency of the nonlinear
filter, and the black dashed line the optimal coil current.

measuring the reflection coefficient of the filter. The opti-
mal operating point is at the coil current of 8 µA, where the
filter is resonant with the readout resonator. At this point,
they hybridize into two modes with frequencies ω± and
linewidths κ± given by

ω±+i
κ±
2

= ωc + i
κf

4
±

√
g2

cf −
(κf

4

)2
. (5)

Because this device satisfies 4gcf ≥ κf , the linewidth of
the filter is equally distributed to the two modes, i.e., κ+ =
κ− = κf /2. This ensures that the photon-noise-induced
dephasing due to both of the hybridized modes are sup-
pressed, which requires κ+, κ− � χqc.

B. Noise tolerance

We evaluate the noise tolerance of the qubit in our
device by measuring the Hahn-echo dephasing time
Techo

2 while injecting artificial noise through the read-
out waveguide. Figure 3(a) shows the pulse sequence
for the experiment. White noise in the frequency range
of 9.425–10.425 GHz is generated using the arbitrary-
waveform generator and the microwave mixer that are
used to generate the readout pulse. This noise emulates
the spectral component of the environmental noise that is
resonant with the readout resonator and the filter. Using
the band-limited white noise with a power spectral density
of �ωcn̄noise, we can generate n̄noise noise photons in the
readout resonator (the power at the device is calibrated in
Appendix B). Figure 3(b) shows the measured noise sen-
sitivities in terms of the photon-noise-induced dephasing
rate �noise

φ per noise-photon number n̄noise. The data are
consistent with the theory curve calculated using the device
parameters (for the formula, see Appendix C). The noise
sensitivity takes the minimum when the filter is resonant
with the readout resonator. The filter is effective even when
it is detuned by approximately 100 MHz, which means
that precise tunability is not required and the SQUID can
be replaced by a Josephson junction in the future. Con-
versely, the noise sensitivity takes the maximum when the
filter is detuned from the readout resonator by −0.42 GHz.
The detuning decreases the effective linewidth κeff of the
readout resonator, meeting the condition κeff = χqc that
maximizes the photon-noise-induced dephasing. Because
the measurement-induced dephasing is also maximized,
this operating point would be optimal for a fast, high-
fidelity readout if the filter were linear. Taking the ratio
between the maximum and minimum noise sensitivities,
we find that the nonlinear filter in our device enhances the
noise tolerance by a factor of 3.

Interestingly, the ability to tune the noise sensitivity
enables us to estimate the level of noise in the experi-
mental setup. Figure 3(c) shows Techo

2 measured without
the artificial noise. The corresponding pure dephasing time
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(a)

(b)

(c)

FIG. 3. Evaluation of the noise tolerance. (a) Pulse sequence.
We measure the Hahn-echo dephasing time Techo

2 of the qubit
while injecting artificial noise through the readout waveguide.
(b) Measured noise sensitivity in terms of the photon-noise-
induced dephasing rate �noise

φ per noise-photon number n̄noise
(red circles). The theory curve (black line) is calculated using
the device parameters measured independently. (c) Dephasing
time Techo

2 measured without the artificial noise (red circles).
The corresponding pure dephasing time indicated on the right
axis is calculated as Tφ = [(Techo

2 )−1 − (2T1)
−1]−1, where T1 is

the energy-relaxation time. The error bars represent the standard
deviation of the measurements repeated over three hours. The
theory curve (black line) assumes a residual noise-photon num-
ber of n̄noise = 4 × 10−4 in the fundamental mode of the readout
resonator and that there is no other source of pure dephasing.

is calculated as Tφ = [(Techo
2 )−1 − (2T1)

−1]−1, where T1
is the energy-relaxation time. Note that T1 has negligible
dependence on the filter detuning because it is overwhelm-
ingly determined by the intrinsic energy relaxation of the
qubit. From the dependence of the pure dephasing rate on
the filter detuning, we estimate the average noise-photon
number to be n̄noise = 4 × 10−4. This is on par with the
best reported values [18–20,54], in part due to the rela-
tively high frequency of our readout resonator. The small
n̄noise and the relatively short intrinsic T1 of the qubit make
the enhancement of noise tolerance less pronounced in
Fig. 3(c) than in Fig. 3(b). Note that the theory curve in
Fig. 3(c) assumes that there is no source of pure dephasing
other than the residual noise photons in the fundamen-
tal mode of the readout resonator. The theory curve lies

within the error bars of the measured Techo
2 , which means

that the other sources of dephasing, including the resid-
ual noise photons in the higher harmonics of the readout
resonator, are negligible within the uncertainties of our
measurements. Using a qubit with a longer intrinsic T1 will
enable us to evaluate the other dephasing processes as well
as to observe a threefold enhancement of Techo

2 .

C. Readout

Here, we demonstrate that the enhanced noise toler-
ance does not come at the cost of reduced readout fidelity.
The frequency and amplitude of the readout tone are opti-
mized using the pulse sequence shown in Fig. 4(a), which
measures the reflection coefficients of the nonlinear filter
with the qubit in |g〉 and |e〉. Figure 4(b) shows the phase
spectra of the measured reflection coefficients for three dif-
ferent amplitudes of the readout pulse. The measurement
rate by the readout tone is calculated using the semiclassi-
cal approximation �meas = |be

out − bg
out|2/2, where bg,e

out are
the average complex amplitudes of the reflected readout
tones with the qubit in |g〉 and |e〉, respectively [35,55,56].
Here, the complex amplitudes are normalized such that
|bg,e

out|2 equal the photon flux. Figure 4(c) shows the mea-
surement rate as a function of the squared amplitude of a
readout pulse at ωro/2π = 9.8 GHz. Figure 4(d) shows the
measured bg,e

out used to calculate the measurement rate.
Using the frequency of ωro/2π = 9.8 GHz and the

amplitude of �ro/2π = 0.76 GHz chosen to maximize the
measurement rate, we demonstrate single-shot readouts
with 200-ns and 40-ns readout pulses. Figures 4(e) and 4(f)
show the pulse sequences and Figs. 4(g) and 4(h) show the
demodulated and averaged readout signals. For the 200-ns
readout, only a high-electron-mobility-transistor (HEMT)
amplifier is used as the cryogenic amplifier. For the 40-
ns readout, we also use a Josephson parametric amplifier
(JPA) before the HEMT amplifier. Following the experi-
mental protocol detailed in Ref. [9], a readout fidelity of
98.3% and a QND fidelity of 97.8% are obtained for the
200-ns readout, and a readout fidelity of 99.4% and a QND
fidelity of 99.2% are obtained for the 40-ns readout. The
error budgets for the readouts are analyzed in Appendix E.
After a readout, it only takes 10 ns for the number of pho-
tons in the readout resonator to decay from one to 10−4

because the linewidths of the hybridized resonator-filter
modes revert to (κf /2)/2π = 0.16 GHz. This allows the
gate operations to resume quickly after a readout with-
out implementing an active resonator reset [57,58] or qubit
cloaking [59].

Figure 4(c) also shows the result expected for a linear
filter, where the measurement rate would be proportional
to the squared amplitude of the readout tone. Equalizing
the sensitivity to the photon noise, the measurement rate of
our device is enhanced by a factor of 9 relative to the lin-
ear case. This exceeds the expectation based on Fig. 3(b),
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(b)

(e)

(d)(c)

(f)

(a)

(g) (h)

FIG. 4. Dispersive readout through a nonlinear Purcell filter.
(a) Pulse sequence for measuring the reflection coefficients of
the nonlinear filter with the qubit in |g〉 and |e〉. (b) Phase
spectra of the measured reflection coefficients S11 at various
amplitudes �. ωro and �ro denote the frequency and amplitude
of the readout pulses used in the single-shot readout experi-
ments. The fitted curves (black lines) are calculated using the
classical model described in the main text. A marker with a
black border has a corresponding data point in the following
plots. (c) Measurement rate �meas as a function of the squared
amplitude �2 of the readout tone at ωro/2π = 9.8 GHz. The
measurement rate is calculated as �meas = |be

out − bg
out|2/2, where

bg,e
out are the average complex amplitudes of the reflected read-

out tones with the qubit in |g〉 and |e〉, respectively. If the filter
were linear, the measurement rate would be proportional to the
squared amplitude (dashed line). (d) Measured bg,e

out, normalized
such that |bg,e

out|2 equal the photon flux. The green lines cor-
respond to the signal separation |be

out − bg
out| used to calculate

the measurement rate. (e),(f) Pulse sequences for the single-
shot readout experiments. (g),(h) Demodulated and averaged
readout signals measured without pumping the Josephson para-
metric amplifier (JPA). Histograms of the integrated readout
signal (with the JPA pump for the 40-ns readout) are shown in
Appendix E.

where we have shown that the photon-noise-induced and
measurement-induced dephasing rates can be enhanced by
up to a factor of 3 by changing the effective linewidth of
the readout resonator. The additional enhancement of the
measurement rate comes from the bifurcation of the non-
linear filter. This can be understood by considering the
steady-state solutions to the classical equations of motion
for the mean fields of the readout resonator c := 〈ĉ〉 and
the nonlinear filter f := 〈f̂ 〉:

dc
dt

= −iδ′
cc − igcf f , (6a)

df
dt

=
[
−i(δf + αf |f |2) − κf

2

]
f − igcf c − i

�

2
. (6b)

Here, the resonator frequency δ′
c is either δc or δc + χqc

depending on the qubit state. As shown in Fig. 4(b),
the classical model is a good fit to the spectra measured
with small amplitudes and is used to determine the anhar-
monicity of the filter. As the amplitude is increased, the
classical model bifurcates around a qubit-state-dependent
frequency. The measured readout signal for |g〉 is on the
low-excitation branch of the bifurcation with |f |2 ≈ 0.4
and |c|2 ≈ 20. The measured readout signal for |e〉 deviates
significantly from the classical model but is closer to the
high-excitation branch with |f |2 ≈ 4 and |c|2 ≈ 60. The
deviation is likely due to the fact that the average photon
number |c|2 in the readout resonator is significantly larger
than the critical photon number ncrit = 12 [34], which
invalidates our models given in Eqs. (4) and (6). The large
photon number in the readout resonator also gives rise to
the readout-induced state-flip errors observed in the error
budget of the single-shot readouts (Appendix E). Because
the readout signals for |g〉 and |e〉 are on different branches
of the bifurcation, a large separation |be

out − bg
out| can be

realized. Thus, the nonlinear Purcell filter can not only sup-
press the photon-noise-induced qubit dephasing but also
enhance the measurement rate beyond what is possible
with a linear filter.

D. Gate operations

We demonstrate that the nonlinear filter is effective
even during gate operations by measuring the average gate
fidelity while injecting artificial noise through the read-
out waveguide. Randomized benchmarking (RB) [60,61]
is performed to evaluate the average fidelity of a Clifford
gate consisting of two 20-ns qubit control pulses. The qubit
control pulses are recalibrated before each RB experiment
to correct for the small ac Stark shift of the qubit due to
the artificial noise. Figure 5 shows the results of the RB
experiments. The coherence limits for the average gate
fidelities are calculated from T1 and Techo

2 measured with
the artificial noise being applied. We are able to achieve
coherence-limited gate fidelities, demonstrating that the T2
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FIG. 5. Noise tolerance of the qubit gate fidelity. We evalu-
ate the average gate fidelity by randomized benchmarking while
injecting artificial noise through the readout waveguide. The
coherence limit is calculated from T1 and Techo

2 , measured with
the artificial noise being applied. The coil current is set to 8 µA
and 12 µA, where the noise sensitivity takes the minimum and
maximum, respectively.

enhancement by the nonlinear filter is unaffected by the
qubit control pulses. This is because the readout resonator
acts as a bandpass filter and blocks the qubit control pulses
from driving the nonlinear filter. Thus, the nonlinear filter
suppresses the photon-noise-induced dephasing not only
when the qubit is idle but also during a gate operation. This
is important for applications such as fault-tolerant quantum
computation, where the qubits spend most of their time
undergoing gate operations.

V. CONCLUSIONS

In conclusion, we have proposed and demonstrated a
nonlinear Purcell filter that suppresses the dephasing of a
superconducting qubit due to noise photons in the read-
out resonator without sacrificing the readout performance.
We have first described a fundamental limitation of the
conventional dispersive readout: T2 relative to the time
required to perform a readout is limited by the achiev-
able dynamic range of the photon number in the readout
resonator. We have then shown that the nonlinear Purcell
filter enables us to overcome this limitation by automat-
ically tuning the sensitivity of the qubit to the photons in
the readout resonator. We have also shown that the bifurca-
tion of the nonlinear filter can be utilized to further enhance
the separation of the readout signal. The nonlinear Purcell
filter is applicable to any type of qubit that can be dis-
persively read out. It is also compatible with large-scale
integration because it can be robustly fabricated and does
not require any additional control signals.

Optimization of the device parameters based on a
numerical model is left for a future work. In this work,
the filter anharmonicity of αf /2π = −0.12 GHz has

been chosen to be significantly smaller than the filter
linewidth of κf /2π = 0.31 GHz solely to enable the analy-
sis based on the classical model given in Eqs. (6). A larger
anharmonicity requires a quantum mechanical treatment
but may reduce the readout-induced state-flip errors by
allowing us to achieve the maximum measurement rate
with fewer photons in the readout resonator. Another inter-
esting direction is to decrease the dispersive shift χqc,
which increases the enhancement factor of the noise tol-
erance and the critical photon number of the readout
resonator. Without a nonlinear filter, this would require a
narrower linewidth of the readout resonator, which would
prevent its fast relaxation to the ground state after a read-
out. A nonlinear filter mitigates this problem because the
effective linewidth of the readout resonator is reduced only
during the readout pulse.
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APPENDIX A: SAMPLE AND SETUP

Figure 6 shows the setup used to perform the experi-
ments in this work. Table I shows the parameters of the
data qubit measured at the coil current of 8 µA. Tables II
and III show the parameters of the readout resonator
and the nonlinear filter, respectively. The parameters in
Tables II and III, except for the anharmonicity of the filter,
are determined using the method detailed in Appendix B.
The anharmonicity of the filter is determined using the
power dependence of the reflection spectrum shown in
Fig. 4(b). These device parameters were measured in
the single cooldown in which all the experiments were
performed, except for the ones described in Sec. IV D.
The experiments in Sec. IV D were performed in a sep-
arate cooldown, using the same sample and a nominally
identical experimental setup.

APPENDIX B: EXTRACTION OF DEVICE
PARAMETERS

Here, we describe how the device parameters were
extracted from the measurement-induced dephasing rates
characterized at various measurement-tone frequencies
and coil currents. This method also enables us to calibrate
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FIG. 6. Experimental setup. The unused port on the left side
of the chip is connected to a 50-� terminator. AWG, arbitrary-
waveform generator; ADC, analog-to-digital converter; IRM,
image reject mixer; LPF, lowpass filter; HEMT, high-electron-
mobility transistor; BPF, bandpass filter; JPA, Josephson para-
metric amplifier.

the powers of the measurement tone and artificial noise
applied onto the device. Figure 7 shows the pulse
sequence and the result of the experiment. We obtain the
measurement-induced dephasing rates by measuring the
Hahn-echo dephasing time Techo

2 of the qubit while apply-
ing a weak measurement tone. All the data taken with
various coil currents are fitted simultaneously using the
model function [33,34]

�meas
φ = 1

2
|Se

11(ωmeas) − Sg
11(ωmeas)|2 · Pmeas

�ωmeas
. (B1)

TABLE I. Parameters of the data qubit measured at the coil
current of 8 µA.

Resonator-dressed qubit frequency ωq/2π 8.4969 GHz
Anharmonicity αq/2π −346.5 MHz
Energy-relaxation time T1 17 ± 1 µs
Ramsey dephasing time T∗

2 27 ± 2 µs
Hahn-echo dephasing time Techo

2 29 ± 2 µs

TABLE II. Parameters of the readout resonator. These are
assumed to be independent of the coil current.

Ground-state-qubit-dressed frequency ωc/2π 9.7927 GHz
Qubit-resonator full dispersive shift χqc/2π −11.8 MHz

Here, ωmeas and Pmeas are the frequency and power of the
measurement tone,

Sg,e
11 (ω) = 1 − iκf (ω − ω′

c)

(ω − ω′
c)(ω − ωf + iκf /2) − g2

cf
(B2)

is the low-power reflection coefficient of the nonlinear fil-
ter corresponding to each qubit state, and the resonator
frequency ω′

c is either ωc or ωc + χqc depending on the
qubit state. All the parameters except the filter frequency
ωf are assumed to be independent of the coil current. The
obtained filter frequencies are plotted in Fig. 2(e), and the
other parameters obtained are listed in Tables II and III.
Note that the anharmonicity of the filter cannot be deter-
mined from this experiment because Eq. (B2) is only valid
when the measurement tone is weak enough to avoid any
nonlinear effects.

The spectrum of measurement-induced dephasing rates
obtained by sweeping the frequency of the measurement
tone can be interpreted as the frequency dependence of
the sensitivity to the input field. The peak in the spectrum
corresponds to the mode of the readout resonator dressed
by the nonlinear filter. The frequency of the dressed read-
out mode is lower (higher) when the coil current is lower
(higher) because of the repulsion from the filter mode,
which has a higher (lower) frequency than the readout res-
onator. The width of the peak corresponds to the linewidth
of the dressed readout mode, which is equivalent to the
effective linewidth κeff of the readout resonator discussed in
Fig. 1 and is largest at the optimal coil current of 8 µA. At
the coil current of 13 µA, the peak splits into two because
the effective linewidth κeff is smaller than the dispersive
shift χqc. The area under the curve corresponds to the noise
sensitivity �noise

φ /n̄noise, as the noise spectrum can be con-
sidered white within the frequency range shown in the plot.
The height of the peak corresponds to the ratio �meas

φ /n̄meas
given in Eq. (2). As expected, the area and the height are
smallest at the optimal coil current of 8 µA, which means
that the qubit is insensitive to noise but cannot be measured
efficiently without a nonlinear effect.

TABLE III. Parameters of the nonlinear filter resonator. gcf
and κf are assumed to be independent of the coil current.

Frequency (coil current = 8 µA) ωf /2π 9.791 GHz
Anharmonicity (coil current = 8 µA) αf /2π −0.12 GHz
Coupling strength to readout resonator gcf /2π 88 MHz
External linewidth κf /2π 0.31 GHz
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(b)

(a)

FIG. 7. Measurement-induced dephasing rates characterized
at various measurement-tone frequencies and coil currents.
(a) Pulse sequence for the characterization. (b) Sensitivity to the
measurement tone in terms of the measurement-induced dephas-
ing rate �meas

φ per measurement-tone power Pmeas (circles). The
black lines are the fits based on Eq. (B1).

APPENDIX C: SEMICLASSICAL MODEL OF
PHOTON-NOISE-INDUCED DEPHASING

Here, we present a semiclassical derivation of the
photon-noise-induced dephasing rate. Equation (1) is
obtained for the case without a Purcell filter. Equation (1) is
also valid if a conventional bandpass Purcell filter is used,
because the hybridization between the filter and the read-
out resonator is weak. We also derive the formula for the
case where the hybridization is strong. Because the non-
linear Purcell filter is designed to strongly hybridize with
the readout resonator (ωf = ωc and 4gcf ≥ κf ), the theory
curve in Fig. 3(b) is calculated using the latter formula.

Let us consider white noise, which is defined as a ran-
dom process whose autocorrelation Gbinbin(t) is a delta
function:

Gbinbin(t) := lim
τ→∞

1
τ

∫ τ/2

−τ/2
bin(t′)b∗

in(t
′ + t) dt′ = n̄noiseδ(t).

(C1)

Here, bin(t) is the complex amplitude of the classical input
field in the readout waveguide. Using the Wiener-Khinchin
theorem, one can see that white noise has a flat power
spectral density

Sbinbin(ω) = F [Gbinbin(t)] = n̄noise, (C2)

where F [·] denotes the Fourier transform. If the input field
couples to a resonator with frequency ωc and linewidth κeff
(the effective linewidth if a bandpass Purcell filter is used),

the complex amplitude c(t) of the resonator field is given
by

F [c(t)] = − i
√

κeff

ω − ωc + iκeff/2
F [bin(t)]. (C3)

Then, the average photon number in the resonator due to
the noise can be calculated as

|c(t)|2 = Gcc(0) (C4a)

= F−1[Scc(ω)](0) (C4b)

= F−1

[∣∣∣∣
√

κeff

ω − ωc + iκeff/2

∣∣∣∣
2

Sbinbin(ω)

]
(0)

(C4c)

= n̄noise

∫ ∞

−∞

∣∣∣∣
√

κeff

ω − ωc + iκeff/2

∣∣∣∣
2 dω

2π
(C4d)

= n̄noise. (C4e)

This shows that the average noise-photon number |c(t)|2
depends only on the noise spectral density of the input
field and not on the resonator linewidth. One can also see
from Eq. (C4c) that only the spectral component of the
noise that is resonant with the resonator contributes to the
excitation of the resonator. This is why white noise is a
good approximation in this context for other types of noise
whose spectra are only locally flat, including thermal noise
and the band-limited white noise used in Sec. IV B.

To calculate the photon-noise-induced dephasing rate,
we denote the component of the readout signal that con-
tains information about the qubit state as

s(t) := be
out(t) − bg

out(t). (C5)

Here, bg,e
out(t) are the output signals in the readout waveg-

uide when the qubit is in |g〉 and |e〉, respectively.
Using s(t), the photon-noise-induced dephasing rate can
be expressed as [33,34]

�noise
φ = 1

2
|s(t)|2. (C6)

This can be rewritten as

|s(t)|2 = Gss(0) (C7a)

= F−1[Sss(ω)](0) (C7b)

= F−1[|Se
11(ω) − Sg

11(ω)|2Sbinbin(ω)](0) (C7c)

= n̄noise

∫ ∞

−∞
|Se

11(ω) − Sg
11(ω)|2 dω

2π
, (C7d)

where Sg,e
11 (ω) are the reflection coefficients when the qubit

is in |g〉 and |e〉, respectively. Equation (1) is obtained
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(b)(a)

FIG. 8. (a),(b) Histograms of the integrated readout signals
for the 200-ns and 40-ns single-shot readouts obtained using
the pulse sequences shown in Figs. 4(e) and 4(f), respectively.
The dashed lines represent the thresholds for discriminating the
outcome of the readout.

by substituting the reflection coefficients of a resonator
dispersively coupled to a qubit

Sg,e
11 (ω) = 1 − iκeff

ω − ω′
c + iκeff/2

, (C8)

where the resonator frequency ω′
c is either ωc or ωc + χqc

depending on the qubit state. The formula for the theory
curve in Fig. 3(b) is obtained by substituting the reflection
coefficients given in Eq. (B2).

APPENDIX D: PURCELL FILTERING BY THE
NONLINEAR FILTER

The nonlinear Purcell filter acts as a bandpass Purcell fil-
ter even when it is completely hybridized with the readout
resonator. Here, we show this by calculating the energy-
relaxation rate of the qubit through the readout resonator
and the nonlinear Purcell filter, ignoring the effect of the
intrinsic Purcell filter in the readout resonator.

(a)

(b)

(c)

FIG. 9. Pulse sequences used to analyze the error budget for
a readout. Parts (a) and (b) are the sequences used to obtain the
QND fidelity and to determine the separation error. Parts (a) and
(c) are the sequences used to obtain the readout fidelity and to
determine the upper bound of the state-preparation error.

TABLE IV. Error budgets for the readout infidelities of the
200-ns and 40-ns readouts.

Readout-pulse duration (ns) 200 40

Readout infidelity (%) 1.7 0.6

Error budget

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

State-preparation error (%) ≤1.2 ≤0.4

Back action (%)
{ |e〉 → |g〉 ≤0.8 ≤0.2

|g〉 → |e〉 ≤0.6 ≤0.1
T1 decay (%) ≤0.7 ≤0.2
Separation error (%) 0.3 0.2

The quantum Langevin equations for the readout res-
onator and the nonlinear filter are given by

dĉ
dt

= −iωcĉ − igcf f̂ , (D1a)

df̂
dt

=
(
−iωf − κf

2

)
f̂ − igcf ĉ − i

√
κf b̂in(t), (D1b)

where b̂in(t) is the input field in the readout waveguide.
These can be solved for ĉ(t) as

ĉ(t) = F−1

[
gcf

√
κf

(ω − ωc)(ω − ωf + iκf /2) − g2
cf

]
∗ b̂in(t),

(D2)

where ∗ denotes the convolution. The quantum autocor-
relation function of the input field in the vacuum state is
given by

Gb̂inb̂in
(t) := 〈b̂in(0)b̂†

in(t)〉 = δ(t), (D3)

and the quantum noise spectral density by

Sb̂inb̂in
(ω) := F [Gb̂inb̂in

(t)] = 1. (D4)

Therefore, the quantum noise spectral density of the anni-
hilation operator ĉ(t) of the readout resonator is

Sĉĉ(ω) =
∣∣∣∣∣

gcf
√

κf

(ω − ωc)(ω − ωf + iκf /2) − g2
cf

∣∣∣∣∣
2

. (D5)

TABLE V. Error budgets for the QND infidelities of the 200-ns
and 40-ns readouts.

Readout-pulse duration (ns) 200 40

QND infidelity (%) 2.2 0.8

Error budget

⎧⎪⎨
⎪⎩

Back action (%)
{ |e〉 → |g〉 0.8 0.2

|g〉 → |e〉 0.4 0.1
T1 decay (%) 0.7 0.2
Separation error (%) 0.4 0.2
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Using Fermi’s golden rule, the energy-relaxation rate of
the qubit into the readout waveguide can be calculated as

�ex = g2
qcSĉĉ(ωq) (D6a)

= g2
qcg2

cf κf

|(ωq − ωc)(ωq − ωf + iκf /2) − g2
cf |2 , (D6b)

where gqc is the coupling strength between the qubit and
the readout resonator. Using the device parameters listed
in Tables I–III and the qubit-resonator coupling strength
calculated as

gqc =
√

(ωq − ωc)(ωq + αq − ωc)

2αq
χqc, (D7)

we obtain an external energy-relaxation rate of �ex/2π =
31 kHz, which translates to a T1 limit of 1/�ex = 5 µs.
In comparison, if there were no filter and the readout
resonator had a linewidth of κf /2, the external energy-
relaxation rate would be

�ex = g2
qcκf /2

|ωq − ωc + iκf /4|2 ≈
(

gqc

ωq − ωc

)2
κf

2
, (D8)

which evaluates to a T1 limit of 1/�ex = 47 ns. This means
that our nonlinear Purcell filter is suppressing the external
energy-relaxation rate of the qubit by 2 orders of magni-
tude. The external energy relaxation of our qubit is strongly
suppressed by the combination of this bandpass-filtering
effect of the nonlinear filter and the intrinsic Purcell filter
in the readout resonator.

APPENDIX E: SINGLE-SHOT READOUTS

The waveforms obtained in the single-shot-readout
experiments are processed following Ref. [9]. Figures 8(a)
and 8(b) show the histograms of the integrated read-
out signals for the 200-ns and 40-ns single-shot readouts
obtained using the pulse sequences shown in Figs. 4(e)
and 4(f), respectively. The thresholds for discriminating
the outcome of the readouts are optimized to maximize the
readout fidelities. The error budgets for these readouts are
analyzed using the pulse sequences shown in Fig. 9 and the
method detailed in Ref. [9]. The obtained error budgets are
listed in Tables IV and V.
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