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Experimental Quantum Error Correction below the Surface Code Threshold
via All-Microwave Leakage Suppression
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Quantum error correction (QEC) enables practical quantum computing by encoding logical qubits in
many physical qubits, which can exponentially suppress the logical error rate with increasing code size
provided that the physical error rate is below a critical threshold. However, the leakage of quantum
information from the computational subspace presents a critical challenge to the development of scalable
QEC, which creates long-lived, correlated errors that spread across space and time. Here, we demonstrate a
quantum memory operating below the threshold by implementing an all-microwave leakage suppression
architecture on a distance-7 surface code. We achieve a logical error suppression factor of A = 1.40(6),
definitively reversing the above-threshold scaling (A < 1) caused by unmitigated leakage. This scheme
integrates a hardware-efficient leakage reduction unit for data qubits with a fast, unconditional reset
for ancilla qubits, suppressing the average leakage population after 40 cycles by a factor of 72 to
6.4(5) x 107*. Our results demonstrate the viability of all-microwave control architectures for suppressing
critical errors at scale, paving the way for more advanced quantum error correction implementations.
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Quantum error correction (QEC) provides the essential threshold, a regime where the logical error rate can be
pathway toward fault-tolerant quantum computation [1-3].  exponentially suppressed with increasing code distance.
The central goal of QEC is to operate below a critical  Achieving this on a physical device presents a formidable

challenge: the processor’s scale must be increased while
“These authors contributed equally to this work. simultaneously suppressing the error rates of all component
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operations to exceedingly low levels. The surface code [4],
with its high threshold and nearest-neighbor interactions,
is the leading candidate for experimental QEC. Early
proof-of-principle surface-code experiments on supercon-
ducting processors—including the distance-3 demonstra-
tions [5,6] and subsequent distance-5 implementations
[7]—validated the architecture but did not yet achieve
below-threshold performance, being limited by the com-
bined impact of gate and measurement infidelities,
residual crosstalk, and other noise mechanisms. As the
system grows in size and circuit depth, leakage—the
population outside the computational subspace—becomes
a particularly damaging correlated error source that
violates the assumption of independence of physical
errors in QEC, thereby degrading the exponential sup-
pression of logical errors [8].

Physically mitigating leakage requires active removal of
the population from noncomputational states. Two general
strategies have been developed. One strategy leverages
baseband flux pulses to dynamically shift the qubit frequency
into resonance with a lossy readout resonator, thereby
inducing a SWAP process that dissipates the leaked population
[9-11]. We refer to this as a dc-based approach. Recent
work showed that, as the surface code distance increases,
this approach substantially lowers the logical error rate by
effectively suppressing leakage [ 12]. However, this technique
is generally limited to specific device architectures, most
notably the requirement that resonator frequencies must lie
below those of the qubits [9,10]. This requirement not only
makes the system prone to readout-induced transitions but
also significantly restricts processor architecture design [13].
An alternative paradigm, which we adopt in this Letter,
overcomes these constraints. Itis an all-microwave approach
analogous to sideband cooling [14], which utilizes micro-
wave drives to activate specific sideband transitions that
efficiently return leaked population to the computational
subspace [15,16]. Such a strategy offers hardware efficiency
and removes strict constraints on device frequencies.
Moreover, its inherent frequency-multiplexing capability
is expected to reduce wiring complexity in cryogenic
environments [ 17,18]. Although preliminary demonstrations
on small-scale systems have shown promising results
[19-22], the performance of this approach remains unvali-
dated in full-scale QEC architectures, where frequency
crowding and microwave crosstalk emerge as key challenges.

In this Letter, we bridge this critical gap by demonstrat-
ing a scalable, all-microwave leakage suppression archi-
tecture in complete surface code implementations [4,23].
This integrated scheme combines leakage reduction units
(LRUs) on data qubits with unconditional RST on ancilla
qubits. Crucially, this integrated design is executed without
incurring additional overhead in either time or space, as it
requires neither dedicated operational stages nor dedicated
leakage-removal circuit elements. By implementing an
efficient calibration protocol with optimized frequency

allocation, we successfully suppress in situ leakage by a
factor of 72 at the distance-7 surface code. This suppression
is the key factor enabling our system to surpass the fault-
tolerance threshold, demonstrated by a logical error sup-
pression factor of A = 1.40(6). Our Letter, together with
recent below-threshold demonstrations using a dc-based
leakage suppression scheme [12,24], collectively estab-
lishes a unifying principle for large-scale QEC: suppressing
leakage is the critical requirement for below-threshold
performance. These combined results provide a robust
blueprint for realizing more advanced fault-tolerant quan-
tum computation.

Our experiments are performed on the Zuchongzhi 3.2
processor, featuring frequency-tunable transmon qubits
arranged in a square lattice [25,26]. The architecture
employs tunable couplers for nearest-neighbor connec-
tivity, specifically optimized for surface code operations.
We utilize 97 selected qubits capable of implementing
both a complete distance-7 surface code and multiple
independent distance-5 and distance-3 surface codes
[Fig. 1(a)]. The processor is characterized by an average
single-qubit gate error of 0.089%, two-qubit gate error of
0.543%, and readout error of 0.95% (see the Supplemental
Material [27]).

Surface code operation relies on repeated syndrome
extraction cycles, where each cycle’s operations, including
single-qubit gates [41], cz gates [42,43], and measurements
[13,44], can induce leakage errors. These errors accumulate
both spatially (through qubit interactions) and temporally
(across cycles), progressively degrading logical perfor-
mance [10]. A key innovation of our scheme is the integ-
ration of LRU and RST directly into the surface code cycle
circuit, as illustrated by the timing diagram in Fig. 1(d).
This concurrent design is highly efficient. It avoids intro-
ducing any temporal overhead, unlike schemes requiring
an additional data qubit leakage removal operation [10],
and critically, requires no spatial overhead from dedicated
leakage-removal qubits [12] while also utilizing the same
resonators for both qubit readout and the dissipative
leakage suppression operations. This enables a minimal
QEC cycle, which is crucial for improving logical perfor-
mance by both increasing the effective clock speed and
limiting the accumulation of idle errors.

The all-microwave leakage suppression scheme is based
on parametric flux modulation, similar to previous work in
Refs. [21,45], which activates specific sideband transitions
as depicted in the energy level diagram and operational
schematic in Figs. 1(b) and 1(c). The physical mechanism
relies on two complementary processes tailored for differ-
ent qubit types. For data qubits, a single-step parametric

drive (|f0)24|e1)5]e0)), designated as the f-LRU, selec-
tively returns leakage population to the computational
subspace while preserving encoded information. Ancilla
qubits utilize a two-step process: first converting |f0) to
|e0) through the same f-LRU transition, followed by an
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Quantum processor architecture and all-microwave leakage reduction scheme. (a) Schematic of the quantum processor. We

selected 97 qubits from a 107-qubit processor, enabling the implementation of a full distance-7 surface code. (b) Energy-level diagram of
the leakage suppression mechanism. Microwave drives activate two key transitions: an f-LRU (|f0) <> |el)) to remove leakage from
the | f) state, and an e-RST (]e0) <> |g1)) to deplete the |e) state. Population is removed from the system via the resonator’s fast decay
rate, x, (typical ringdown time =15 ns) (c¢) Principle of parametric flux modulation. A microwave drive with amplitude A; modulates the
flux of the transmon qubit, resulting in a modulation of its frequency with amplitude A,. (d) A single cycle of the surface code stabilizer
measurement circuit. A representative data-ancilla pair is shown. The LRU on the data qubit is applied concurrently with the
measurement (M) and RST on the ancilla qubit, while the data qubit is simultaneously protected by a dynamical decoupling sequence, to
suppress leakage without increasing the cycle time. See the Supplemental Material [27] for detailed pulse sequences.

Wy Ky

additional e-RST step (]e0)—|gl)—>|g0)) to achieve com-
plete RST. In this notation, the first label (g, e, f) repre-
sents the transmon energy state (ground, excited, leakage),
while the second digit (0, 1) corresponds to the resonator
photon number. «, is the resonator energy-decay rate that
irreversibly drains excitation into the environment. The
drive w, is chosen to satisfy the specific dressed resonance.
Scaling this all-microwave approach to a full-scale QEC
architecture requires a carefully designed calibration pro-
tocol that mitigates challenges inherent to large systems,
namely microwave crosstalk and frequency crowding.
To address this, we developed an efficient and scalable
calibration scheme. First, we improve our frequency
arrangement strategy that treats the LRU and RST drive
frequencies as new constraints, optimizing them alongside
the existing frequencies for single-qubit gates, two-qubit
gates, and readout to avoid collisions (see the Supplemental
Material [27]). Second, we re-engineered the RST proto-
col’s temporal structure by decoupling the |f0) — |el) —
le0) and |e0) — |gl) — |¢g0) transitions into distinct
sequential phases. While mathematically equivalent to
simultaneous driving [45], this approach reduces waveform
complexity by enabling the independent tuning of control
parameters, which is critical as system size scales.
Experimentally, we first calibrate the RST protocol for
the ancilla qubits, which consists of a 44 ns f-LRU pulse
followed by a 44 ns e-RST pulse (total duration 96 ns,

including 4 ns padding at the start and end). The calibration
for each pulse is a two-stage process, detailed in Figs. 2(a)
and 2(b). The procedure begins by preparing the qubit in its
corresponding initial state (| f) or |e)) and then applying the
test drive pulse. First, we perform a coarse sweep of the
drive amplitude and frequency to map the amplitude-
dependent frequency shift caused by the ac Stark effect,
fitting the optimal frequency to a quadratic function [45].
Second, using this fitted relationship, we perform a fine
sweep of the drive amplitude to find the value that
minimizes the residual population in the initial state (|f)
or |e)). The first minimum of the resulting population
oscillation is chosen as the optimal operating point. This
RST protocol is also implemented on data qubits to
accelerate initialization, reducing the shot-to-shot repetition
time to 100 ps.

Next, we calibrate the LRU for the data qubits. The LRU
is a single 496 ns f-LRU pulse, framed by 24 ns padding
for a total duration of 544 ns to match the ancilla’s
combined measurement and RST time [Fig. 1(d)]. While
the calibration protocol begins similarly to the ancilla’s, the
significantly longer pulse duration alters the underlying
dynamics. The system enters a regime where the residual
|f) state population decays monotonically with drive
amplitude instead of oscillating, thus exhibiting no clear
minimum [Fig. 2(a)]. We therefore adopt a new criterion:
setting the drive parameters to achieve a target leakage
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FIG. 2. Calibration and benchmarking for RST and LRU.
(a) Schematic of f-LRU calibration. Top: pulse sequence used
for f-LRU calibration. Middle: a coarse frequency-amplitude
sweep to characterize the ac Stark shift. For each amplitude, we
identify the frequency that maximizes the target probability and
perform a quadratic fit (orange lines). Bottom: residual |f)
population versus drive amplitude. A fine amplitude sweep along
the fitted quadratic curve to find the optimal drive amplitude,
using pulses of two fixed durations: 44 ns for ancilla qubits and
496 ns for data qubits. (b) Schematic of e-RST calibration. The
procedure mirrors (a) with the qubit initialized in |e); the e-RST is
calibrated by tracking the depletion of the |f) population.
(c) Performance of the parallel RST and LRU protocols, bench-
marked simultaneously across all 97 qubits using a randomized
sequence with repeated 5% leakage injection. The plotted curves
show the average residual populations for these two respective
groups. The residual populations are slightly overestimated due
to the inclusion of readout separation error. (d) Characterization
of computational error from the LRU via the interleaved RB
protocol. Each point is computed from 25 random sequences and
fit with an exponential decay. The reference curve characterizes
the intrinsic error rate of the single-qubit Clifford gates. Inset:
error distributions for LRU + DD and DD-only protocols across
49 data qubits. The result shows near-identical error probability
distributions, confirming that the LRU adds negligible computa-
tional error.

reduction. A target of 95% is sufficient, as the exponential
nature of leakage suppression renders the benefit of higher
reductions marginal [46].

Following the calibration of optimal drive parameters, we
evaluated the performance of the RST and LRU protocols by
executing a parallel randomized benchmarking (RB)-like

sequence simultaneously across all 97 qubits of the
distance-7 code, depicted in Fig. 2(c). Each cycle of this
sequence consists of a random single-Clifford gate, a
subsequent pulse (Ly) that injects approximately 5% leak-
age into the |f) state, and the final suppression operation:
the RST protocol was applied to all 48 ancilla qubits, while
the LRU protocol was applied concurrently to all 49 data
qubits. For the ancilla qubits, the RST protocol rapidly
suppresses the residual populations in both the |e) and |f)
states, which saturate below 7 x 1072 and 2 x 107#, respec-
tively. Concurrently, the LRU protocol on the data qubits
reduces the |f) state population to below 2 x 1073. The
rapid saturation at these low population levels demonstrates
the efficacy of our protocols in providing leakage suppres-
sion across the entire device.

A crucial requirement for any leakage suppression
technique is that it introduces negligible error into the
computational subspace [8]. To verify this, we performed
simultaneous interleaved RB to precisely quantify the error
added by the LRU operation [47], as shown in Fig. 2(d).
Since the LRU and dynamical decoupling (DD) are applied
concurrently in the surface code, we isolate the LRU’s
contribution to the error by comparing the fidelity of an
LRU + DD sequence to a DD-only baseline. The measured
error rates of 1.28(2)% (LRU + DD) and 1.27(2)% (DD
only) are statistically identical. This negligible difference
demonstrates that the LRU introduces negligible error into
the computational subspace, confirming its compatibility
with high-fidelity quantum error correction.

Having established the efficacy of the suppression
protocols at the component level, we next evaluated their
system-level impact during the execution of a full distance-
7 surface code. As shown in Fig. 3(a), we tracked the
average leakage population over 40 QEC cycles for four
configurations: full mitigation (“Both”), partial mitigation
(“LRU only” and “RST only”), and no mitigation
(“Neither”). Without any intervention, the leakage exhibits
uncontrolled accumulation, reaching 4.64(4) x 1072 by
cycle 40. The partial schemes proved insufficient, as
applying only RST or only LRU selectively suppressed
leakage on just the ancilla or data qubits, respectively. In
stark contrast, the combined strategy suppresses leakage to
a steady-state population of 6.4(5) x 10~ at cycle 40—a
72-fold improvement over the unmitigated baseline. This
temporal dynamic is further explained by the spatial maps
in Fig. 3(b), which reveal that without mitigation, leakage
not only grows in time but also spreads across the device,
creating localized hotspots that are fatal to QEC perfor-
mance [10]. Our combined RST + LRU strategy effec-
tively suppresses both the temporal accumulation and
spatial diffusion of leakage.

Furthermore, we evaluate our architecture’s impact on
logical performance through quantum memory experiments
[5-7,12,24]. We first prepare the logical state in the X or Z
basis, run a variable number of QEC cycles, and finally

260601-4



PHYSICAL REVIEW LETTERS 135, 260601 (2025)

—~
[y
~

1074 - Both - LRUonly  -- RSTonly - Neither
c E
5 ] POl EEE Stopet i G
| e

-2 _| 8
2" Avg. data qubit
g | Avg. anc. qubit
@
T s
© 10 A
o
>
<

.

. PO
2 > > ‘e’ s s00
N B SRR 01
=z o0 0
¢ 7% %
. c
. S
=> o oo ©
[ = e 4 * 0 =
x o *0 . 2
*
. oie S
S
5> . . o2 s
xrec- ©
i) X Q
-
- 0
3 4
1]
T T T T T
0 2 5 10 40

Quantum error correction cycle

FIG. 3. Leakage suppression during distance-7 surface code
execution. (a) Average leakage population versus QEC cycle for
four mitigation strategies: full suppression with both RST and LRU
(Both), partial suppression (LRU only, RST only), and no suppres-
sion (Neither). Data qubits and ancilla qubits are represented by
diamonds and circles, respectively. (b) Spatial maps of leakage
population across the device. Full leakage suppression prevents the
temporal and spatial growth of leakage, eliminating the high-leakage
hotspots that otherwise emerge after multiple cycles.

measure the logical qubit in the initialized logical basis.
The resulting syndromes are processed by decoders using
priors derived from a comprehensive, circuit-level noise
model that explicitly includes all operation-specific error
channels. In the experiments, we explored several algo-
rithms, including a matching decoder [48] and k-iteration
correlated-matching decoder and belief-matching decoder
[49], which are detailed in the Supplemental Material [27].
While the correlated-matching decoder offers a better
balance of speed and accuracy, we used the belief-matching
decoder for the results shown in Fig. 4 to achieve the
highest logical fidelity.

As shown for the distance-7 code in Fig. 4(a), the logical
fidelity is dramatically improved with full leakage miti-
gation (Both). Crucially, its decay follows a single-
exponential trend, indicating a stable logical error rate
per cycle, €;. In contrast, configurations lacking full miti-
gation exhibit a faster, nonexponential decay. This is a
direct signature of an error rate that increases over time as
leakage accumulates, rapidly degrading the logical state.
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FIG. 4. Leakage mitigation improves surface code logical
performance. (a) Logical fidelity versus QEC cycles for a
distance-7 surface code under four different mitigation schemes.
Each data point represents 5 x 10* repetitions and is averaged
over X and Z bases. The solid lines represent exponential fits to
the experimental data. Notably, only the “Both” condition (blue)
follows a single-exponential trend, while the other schemes show
a faster, nonexponential decay. The inset shows the correspond-
ing one-point logical error rate per cycle (LER) versus cycles for
each scheme. (b) Logical fidelity versus cycles for surface codes
with distance 3, 5, and 7, all with full leakage suppression
applied. (c) The extracted logical error per cycle as a function of
surface code distance. The solid line is a fit to the experiment data
using the model £; & A~4+1)/2_ yielding a suppression factor of
Acxp = 1.40(6), and the dashed line is a fit to the simulated data,
yielding Ag;,, = 1.56(3). (d) The estimated error budget, showing
the contributions of different error sources based on component-
level characterization and simulation. See the Supplemental
Material [27] for details.

Furthermore, we extract ¢; with a single number of cycles
[12]. As plotted in the inset, we find that £; remains stable
only under full leakage mitigation. For all other configura-
tions, &; increases significantly with the number of cycles.

We next characterize the scaling of the logical error with
code distance under full leakage mitigation. To ensure a fair
comparison, the performance of nine distance-3 and four
distance-5 subgrids is averaged and compared with that of
the full distance-7 code, with all error rates averaged over
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the logical Pauli X; and Z; bases. Figure 4(b) shows
the logical error performance of the different code
distance. By fitting the logical error probability to an
exponential decay, we observe a monotonic decrease in
g, with increasing code size, as plotted in Fig. 4(c). We
measure ¢ 43 = 1.532(2)%, € 4-5 = 1.012(2)%, and
€r.4—7 = 0.783(3)%. This trend is the experimental sig-
nature of operating below threshold for our specific imple-
mentation. Fitting these data to the model &, o A=(¢+1)/2
yields a logical error suppression factor of A = 1.40(6),
which represents the suppression of the logical error &
for each step of increasing distance from d to d + 2.
This experimental value is slightly lower than the
Agim = 1.56(3) obtained from our simulation. We attribute
this modest discrepancy to unmodeled error sources in the
simulation, such as residual crosstalk and other nonlocal
noise mechanisms. Conversely, in the absence of full
leakage suppression, we find this scaling is inverted
(A < 1), leading to error amplification where larger codes
perform worse (see the Supplemental Material [27]).
Finally, the error budget analysis shown in Fig. 4(d)
provides critical insight into the system’s error hierarchy
[7]. With our effective mitigation protocols, leakage is no
longer a dominant error contributor. The budget is now
limited primarily by the infidelity of our two-qubit cz gates.

In summary, we have demonstrated a surface code
operating below the error threshold for distances up to
d =7, achieving a logical error suppression factor of
A = 1.40(6). This performance was enabled by a scalable,
hardware-efficient all-microwave leakage suppression
architecture, integrating both LRU and RST operations,
which successfully suppressed leakage by a factor of 72 at
the distance-7 surface code. The key to implementing this
architecture at scale was an efficient calibration protocol
with optimized frequency allocation, designed to mitigate
the frequency crowding and microwave crosstalk inherent
to a large-scale parallel operation.

Though demonstrated with the surface code, our archi-
tecture is broadly compatible with other QEC frameworks
[50,51], as it operates independently of the specific
stabilizer measurements. Looking ahead, integrating this
architecture with all-microwave two-qubit gates [42]
and frequency multiplexing promises a scalable, fully
microwave-driven quantum computer architecture with
significantly reduced hardware overhead.
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