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Achieving high-fidelity qubit readout and reset while maintaining qubit coherence is crucial for quantum
error correction and advanced quantum algorithms. Here, we design and experimentally demonstrate a
scalable architecture based on frequency-tunable nonlinear Purcell filters, which enables flexible readout
and rapid unconditional reset of multiple superconducting qubits. Our readout protocol dynamically adjusts
the effective linewidth of the readout resonator through a tunable Purcell filter, optimizing the signal-to-
noise ratio during measurement while suppressing photon noise during idle periods. Combined with a
multilevel readout protocol, we achieve the highest readout fidelity of 99.3% without any quantum-limited
amplifier, even with a small dispersive shift. Moreover, by leveraging a reset channel formed via the
adjacent coupling between the filter and the coupler, we realize unconditional qubit reset of both leakage-
induced j2i and j1i states within 200 ns and reset of the j1i state alone within 75 ns, with error rates ≤ 1%.
The filter also mitigates both photon-induced dephasing and the Purcell effect, thereby preserving qubit
coherence. This scalable Purcell filter architecture shows exceptional performance in qubit readout, reset,
and protection, marking it as a promising hardware component for advancing fault-tolerant quantum
computing systems.
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Superconducting qubits have emerged as a leading
platform for scalable, fault-tolerant quantum computation,
driven by breakthroughs in coherence time, device inte-
gration, and control fidelity [1–4]. Recent advances
have paved the way for large-scale quantum information
processing, enabling demonstrations in quantum simula-
tion and error correction [5–9]. As these applications grow
in complexity, there is an increasing need for simultaneous
improvements in qubit readout [10–13] and reset [14–17]
to support high-fidelity and multilayer quantum operations.
Balancing high readout fidelity with qubit protection

remains a central challenge in dispersive readout of super-
conducting qubits [18–22]. While fixed-frequency linear
Purcell filters improve signal-to-noise ratio (SNR) and
suppress the Purcell effect [10,20–25], they cannot
fully mitigate photon-noise-induced dephasing. Recent

demonstrations of nonlinear Purcell filters on single-qubit
devices [26] have enabled photon-noise-tolerant readout,
but rely on large dispersive shifts and remain unverified for
scalability. Meanwhile, prior multiqubit implementations
of high-fidelity readout typically depend on quantum-
limited amplifiers such as Josephson parametric amplifiers
or traveling-wave parametric amplifiers to achieve sub-1%
readout error [27,28].
In this Letter, we present a scalable architecture of

frequency-tunable nonlinear Purcell filters integrated into
a superconducting multiqubit processor. By dynamically
adjusting the effective linewidth of readout resonators
through filter tuning, we optimize SNR for qubit state discri-
mination while suppressing photon noise during idle periods.
Critically, this approach achieves 99.3% readout fidelity
without requiring a quantum-limited amplifier, surpassing
prior multiqubit benchmarks under comparable conditions.
Our design operates with a small dispersive shift, enabling
compatibility with compact, low-noise architectures.
Additionally, qubit reset capable of mitigating leakage

errors is crucial for quantum error correction [29,30]. Thus,
we experimentally implement a coupler-assisted qubit reset
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protocol that utilizes the filter as a fast dissipation channel.
This also demonstrates the functional versatility of our
tunable Purcell filter. Our method achieves unconditional
reset of leakage-induced j2i and j1i within 200 ns, while
reset of j1i alone completes in just 75 ns, with error rates
≤ 1%. Compared to existing schemes that utilize readout
resonators for dissipation [31,32], our approach signifi-
cantly shortens reset time and minimizes crosstalk in
multiqubit systems.
Our experiment employs a flip-chip superconducting

quantum processor [4,33], interconnected via indium bump
bonding. The device consists of aluminum-based coplanar
waveguide circuits fabricated on sapphire substrates. The
top chip contains 24 qubits, 38 couplers, and 8 super-
conducting quantum interference devices (SQUIDs) dedi-
cated to filters, while the bottom chip serves as the wiring
layer housing readout resonators, the main bodies of filters,
and associated transmission lines. As shown in Figs. 1(a)
and 1(b), each tunable Purcell filter is parametrically
coupled to three readout resonators via capacitance. A
filter comprises a nonlinear structure, based on a λ=2 cavity
with open ends capacitively coupled with transmission line,
incorporating a SQUID (composed of two Josephson
junctions in parallel) at its midpoint. Note that the

Josephson junctions of a filter are located on the top layer
and are connected to the geometric cavity on the bottom
layer through indium bumps. This design offers the
advantage of enabling simultaneous fabrication of the
Josephson junctions of filters, qubits, and couplers, thereby
simplifying the fabrication process. Inputting dc signals
through the Z-control line generates flux bias to tune the
filter frequency from 6.02 to 7.06 GHz [Fig. 1(c)]. The
power-dependent Kerr nonlinearity effect is another reason
for frequency changes. The nonlinear frequency shift
remains negligible at low power levels [Fig. 1(d)] because
of a small anharmonicity of αf=2π ¼ 4.47 MHz. The
frequency of this filter can be dynamically tuned through
SQUID flux and readout pulse amplitude. This enables
real-time optimization of effective linewidth κeff of readout
resonators through the filter, aiming to achieve optimal
readout conditions (typically targeting 2χ ¼ κeff , where 2χ
is the dispersive shift). This addresses the limitation of
fixed-bandwidth linear filters, where fabrication-induced
frequency deviations may cause 2χ ≠ κeff . Furthermore,
the tunable Purcell filter passband frequency expands the
frequency allocation range of readout resonators on a single
feedline, thereby mitigating frequency crowding in multi-
qubit readout.

(a)

(b)

(c)

(d)

FIG. 1. Tunable Purcell filter integrated in a flip-chip quantum processor. (a) Filter-related structure. The filter (pink) consists of a half-
wavelength resonator with open-ended capacitance coupling to the transmission line. The midpoint of the filter is integrated with a
SQUID (orange) containing two Josephson junctions, of which the flux is modulated by the Z control line (blue). Each filter is shared by
three readout resonators for qubit readout and coupled with couplers (circled in red) for qubit reset. (b) Distributed-element circuit model
of the relevant device section with color coding matching (a). The ellipses denote other resonator-qubit systems and couplers
capacitively coupled to the filter. (c) The variation of S21 amplitude under different external flux applied to the SQUID. Black dashed
curve indicates fitted resonance frequencies of filter passbands. ϕ0 is the magnetic flux quantum. (d) Power-dependent Kerr nonlinearity
effect on the filter passband frequency. Black markers represent fitted resonance frequencies at the passband peaks.
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The SNR represents a crucial metric in high-fidelity
dispersive readout [11,13], scaling with SNR2 ∝
ηκn̄j sinð2θÞj2t, with j sinð2θÞj ¼ χκ=ðχ2 þ κ2=4Þ, where
κ denotes the linewidth of the readout resonator, η is the
quantum efficiency, n̄ is the average photon number, and t
is the readout time. j sinð2θÞj2 ¼ 1 is satisfied when
κ ¼ 2χ. Figure 2(a) illustrates the readout scheme incor-
porating a tunable Purcell filter, of which the role manifests
in modifying κeff to optimize SNR. Filter frequency
modulation induces corresponding changes in κeff , as
shown in Fig. 2(b). The measurement-induced dephasing
rate Γmeas is defined by Γmeas=nmeas ¼ 2χj sinð2θÞj, where
nmeas is the average photon number in the readout reso-
nator; Γmeas is the upper limit of measurement rate [34].
During active readout operations, the filter frequency aligns
with the κeff ¼ 2χ configuration to maximize SNR and
Γmeas=nmeas with a given 2χ. During idle periods, the filter
frequency remains at a low-dephasing-rate operating point
(idle point, where κ ≠ 2χ), enabling enhanced suppression
of photon noise compared to conventional fixed-frequency
filters. To verify the tunable Purcell filter’s suppression
effect on photon noise, we intentionally inject white
Gaussian noise into the readout transmission line and
measure the dephasing rate of a qubit, as shown in
Fig. 3. Furthermore, the idle point maintains greater
detuning between filter and qubit, providing additional
suppression of Purcell effects.

Notably, the dispersive shift 2χ of dressed states under
different qubit states is not a fixed parameter [Fig. 2(c)].
This observation highlights important considerations: while
direct measurements of qubit j0i-j1i remain standard
practice, contemporary protocols also employ π12-pulse-
assisted j0i-j2i readout [61,62]. j0i-j2i readout means
implementing a nondiscriminating readout between j1i
and j2i states, wherein: (i) All results measured in either
j1i or j2i are registered as logical “1.” (ii) Only j0i
measurements yield logical “0” outputs. The logical 0 or
1 is the single-shot measurement result. The filter provides
adaptable κeff values to accommodate various readout
requirements. For instance, Figs. 2(d) and 2(e) present
in-phase and quadrature (IQ) raw data for j0i-j1i and
j0i-j2i readouts with 500 ns integration times, achieving
SNR of 4.6 and 4.9, respectively. The j0i-j2i readout
mitigates T1-limited fidelity constraints, enabling extension
of integration time to 1077 ns [Fig. 2(f)] with SNR
improvement to 6.4 and a readout fidelity ≥ 99.3%.
Here readout fidelity is defined as F ¼ ½Pð0j0Þ þ
Pð1j1Þ�=2, where PðajbÞ denotes the probability that qubit
is prepared in jbi state and then measured in jai state. SNR
is calculated with SNR ¼ 2jm0 −m1j=ðσ0 þ σ1Þ [11,25],
where m0ð1Þ and σ0ð1Þ are the mean and standard deviation
of the Gaussian fits to IQ data of j0iðj1iÞ. Notably, the
extended readout duration originates from the weak cou-
pling design between readout resonators and qubits,

FIG. 2. Experimental demonstration of flexible readout. (a) Schematic of the qubit readout system with tunable Purcell filters. The
tunable Purcell filter functions to adjust κeff . Each filter is coupled with j resonators (j ¼ 3 here). (b) Variation curves of κeff and
Γmeas=nmeas versus frequency difference between the filter and readout resonator. The filter frequency resides at a point maximizing
Γmeas=nmeas (where κeff ¼ 2χ) during readout, while at a lower point during idle time. (c) The fitted dressed-state frequencies of the
readout resonator with different qubit states. To maximize state distinguishability when distinguishing qubit states jii and jji, the
effective linewidth is set to κeff ¼ 2χij. (d)–(f) Typical data of IQ raw data: (d) 500 ns readout with direct measurement. (e) 500 ns
readout with pre-π12-pulse, mitigating qubit decoherence effects compared to (d). (f) 1077 ns readout duration with pre-π12-pulse,
achieving enhanced SNR over (e) and 99.3% readout fidelity.
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implemented to preserve qubit coherence for complex
multiqubit gate operations. Each IQ distribution derives
from 30 000 single-shot measurements. The increased
leakage error potentially introduced by j0i-j2i readout
can be mitigated by the reset scheme proposed later in
this Letter. Multiplexed readout and more details are shown
in Supplemental Material [35].
Furthermore, we introduce a coupler-assisted qubit reset

protocol leveraging the Purcell filter as a dissipation
channel. Categorized into active (conditional) [63,64]
and passive (unconditional) [31,65,66] approaches based
on whether qubit state information is required, rapid qubit
reset techniques could be applied to various quantum
information processing tasks, especially the quantum error
correction codes [67]. While introducing additional decay
channel risks complicating multiqubit integration, the
coupler-assisted reset offers a hardware-efficient solution
[31,32]. However, existing schemes utilize the readout
resonator for dissipation, whose rate is significantly lower
than that of the filter. Employing the filter would further
reduce the reset time and the error rate. In our flip-chip
processor, qubits and couplers are placed on one layer,
while transmission lines and Purcell filters are located on
another layer [3,5,9]. Inevitably, filters traverse above
couplers or qubits as shown in Fig. 1(a). The former results
in a coupling strength gcf between filters and couplers. We
ingeniously exploit this coupling to facilitate qubit reset.
Crucially, the filter and readout resonators remain detuned
throughout the process (filter, 7.0 GHz; readout resonators,
6.4–6.6 GHz in this experiment), effectively suppressing
photon leakage into the readout resonators. This detuning

strategy requires a frequency-tunable Purcell filter, as fixed-
frequency filters must operate near the readout resonator
frequency to maintain measurement fidelity, and the detuning
avoids keeping the coupler at the readout resonator fre-
quency, which would trigger complex multibody processes.
As illustrated in Fig. 4(a), our reset protocol comprises

three sequential steps. Step 1 involves adiabatic state swap
between the qubit and coupler. The resonance between the
coupler and the target qubit introduces nonzero coupling
between the target qubit and another qubit connected via
the same coupler. To ensure exclusive photon transfer to the
coupler, the frequencies of these two qubits are intention-
ally detuned by 800 MHz here. Step 2 utilizes the
capacitive coupling mentioned above to perform adiabatic
swap between the coupler and the filter. Step 3 involves
rapid photon dissipation from the filter, enabled by its
leakage rate (linewidth) κf=2π ¼ 150 MHz. It is noted that
the linewidth of the filter is approximately 100 times larger
than that of the readout resonator. Thus, step 3 executes
concurrently within operational time frame of step 2,
requiring virtually no additional time. Especially, the
coupler frequency starts below the target qubit frequency
(and above the neighboring), sweeps through it, and
continues ascending to the filter frequency to suppress
Landau-Zener-Stückelberg interference [68], which could
otherwise degrade reset fidelity.
To validate the unconditional nature and leakage-error

mitigation capability of this reset protocol, we conduct the
experimental demonstration outlined in Fig. 4(b). First, the
qubit is prepared in varying excited states by applying π01
pulses and π12 fractional pulses of different amplitudes (Aπ12
with A from 0 to 1). Then a standardized reset operation
(waveform details are shown in Supplemental Material [35])
is executed by adjusting the coupler flux bias. State
preparation is repeated for m rounds. After each round,
reset operations would be executed for n cycles. The result of
a preparation round with π01 þ Aπ12 and a reset cycle is
shown in Fig. 4(c). The qubit-coupler swap and coupler-filter
swap are completed within 30 and 170 ns, respectively,
yielding a total reset within 200 ns. Immediate postreset
qubit measurements reveal the population of excited state
below 1.2% across all initial states. After accounting for a
0.45% ground-state readout error (attributed to state dis-
crimination limitation and natural thermal excitation), the
unconditional reset error per cycle is inferred to below 1%.
Further investigation of consecutive multicycle reset oper-

ations after a round of state preparation with π01 þ π12, as
shown in Fig. 4(d), demonstrates progressive reduction of
residual excitations with increasing reset cycles, converging
to natural thermal excitation levels (quantified by a deviation
less than 0.1% from ground-state readout error line) after
three cycles (600 ns). Critically, multiple reset cycles do not
accumulate errors via photon recapture, confirming effective
dissipation through the filter. Consider the following sce-
nario: the qubit state is repeatedly prepared for m rounds at

(a)

(b)

FIG. 3. Evaluation of the noise tolerance. (a) Pulse sequence.
The qubit T2 is measured while applying white Gaussian noise
through the readout transmission line. (b) Qubit dephasing rate
versus detuning. The dephasing rate Γmeas reaches a maximum
when the detuning Δfr satisfies κeff ¼ 2χ. The black curve shows
the fit using a photon-noise-induced dephasing model (see
Supplemental Material [35] for details).
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intervals of 1 ms, and the cycle of resets after each state
preparation is n ¼ 3. As shown in Fig. 4(d), the residual
thermal excitation does not increase with the growth of m,
which indicates that short-time multiple excitations and
resets of the qubit is supported. In other words, this
dissipation channel can be rapidly reused. When exclusively
considering j1i excitation, we employ square pulse for QC
and CF swap. The single-cycle reset operation can be
optimized to complete within 75 ns (4.5 and 70 ns for
qubit-coupler and coupler-filter swap) with a error rate below
1%, and the residual thermal excitation decreases and
converges to the natural scenario after the fifth cycle
(375 ns), with a deviation from readout error line below
0.1%. Each data point in Figs. 4(c)–4(f) is derived from
30 000 repetitions of single-shot measurements. The readout
error line in Fig. 4(f) differs from those in other figures due to
different readout parameters. Comparing with recent reports
on the unconditional reset for quantum error correction
[32,67,69], the time cost and error rate of our protocol are
smaller. Therefore, our reset protocol has the potential to be
applied in complex algorithms such as quantum error
correction, where the reset operations are executed fre-
quently. The discussion on leakage reduction is provided
in Supplemental Material [35].
In conclusion, we present a scalable structure of tunable-

frequency nonlinear Purcell filters for superconducting
multiqubit processors. Based on this structure, we imple-
ment a flexible readout protocol featuring the κeff -tuning
capability of filters to maximize SNR during readout and
suppress photon noise during idle time. Without a quan-
tum-limited amplifier, we achieve the highest readout
fidelity of 99.3% with a small dispersive shift of
1.4 MHz. By leveraging the coupling between couplers

and filters in a flip-chip architecture, we propose an
unconditional qubit reset protocol. This protocol eliminates
both leakage-induced j2i and j1i states with a rate that
exceeds natural qubit relaxation by a factor of 103. Thus,
this tunable-frequency nonlinear Purcell filter structure
represents a highly potential auxiliary hardware component
to advance the development of fault-tolerant quantum
computing systems. We provide the parameter calculation,
experimental detail, and numerical analysis in
Supplemental Material [35]. Future improvements may
focus on extending the filter geometry by utilizing the
frequency-tunable property in a nλ=2 resonator to read out
more qubits. Since the reset time is primarily limited by the
coupler-filter coupling strength gcf , increasing gcf could
achieve faster reset operation.
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(a)

(b)

(c)

(f)

(e)

(d)

t=600ns t=375ns

FIG. 4. Experimental demonstration of unconditional qubit reset. (a) Reset protocol. Step 1: Qubit-coupler (QC) swap. Step 2:
Coupler-filter (CF) swap. Step 3: Dissipation of excitation into the environment via the Purcell filter. Steps 2 and 3 occur concurrently,
with the filter detuned from the readout resonators to avoid crosstalk. (b) Pulse sequence for state preparation, reset, and measurement.
(c)–(f) Residual qubit excitation after reset, quantified by the measured j0i state population P0. (c) Single reset cycle (200 ns), preparing
initial state with π01 and Aπ12, where 0 ≤ A ≤ 1. (d) Multiple reset cycles, with state preparation using π01 and π12. (e) Repeated state
preparation (for m rounds) followed by three reset cycles each time. (f) Multiple reset cycles with initialization using only
the full π01 pulse.
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