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Leakage to non-computational states is a source of correlated errors in both time and space that limits
the effectiveness of quantum error correction (QEC) with superconducting circuits. We present and
experimentally demonstrate a high-fidelity, hardware-efficient leakage reduction unit (LRU) operating
concurrently with transmon measurement without incurring time overhead for 2-level readout (2RO).
Adapted from double-drive reset of population (DDROP), the protocol utilizes simultaneous drives on the
transmon and its readout resonator, leveraging the dispersive shift to create a directional process that
returns the transmon to the computational subspace. The LRU achieves a 98.4% leakage removal fraction
without compromising the 2RO assignment fidelity (99.2%) and can also be configured for 3-level
readout. We combine LRU-enhanced measurement and leakage-informed neural-network decoding to
successfully suppress logical error rates in both memory and stability QEC experiments without any post-
selection. Remarkably, the LRU preserves the logical error-suppression rate in stability experiments as

injected leakage increases.
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I. INTRODUCTION

Quantum error correction (QEC) provides a path toward
fault-tolerant quantum computation by encoding informa-
tion redundantly. Despite remarkable progress [1-6], the
performance of QEC is fundamentally limited by physical
errors that corrupt quantum information. To achieve fault
tolerance, it is crucial to understand and mitigate all
significant error channels, especially those that are poorly
handled by standard QEC codes. Among the various error
channels, leakage of population out of the computational
subspace is particularly damaging [7-9]. For instance, in
transmons, the most common superconducting qubit, the
computational subspace is typically spanned by the ground
(lg)) and first excited (|e)) states, with excitation to the
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second excited state (|f)) being the dominant type of
leakage. This type of error poses a fundamental chal-
lenge to standard stabilizer codes like the surface code
[10]. The power of these codes lies in their ability to
discretize arbitrary physical errors that occur within
the computational subspace into a set of correctable
Pauli errors. However, leakage violates this core
assumption because a leakage event cannot be mapped
to the Pauli framework. Additionally, leakage can last
for several QEC cycles, leading to correlated errors in
time. Even worse, leakage can propagate through two-
qubit gates, creating not only temporally but also
spatially correlated errors that are highly detrimental
to the logical performance [7,9,11-13].

Various strategies have been developed to combat leak-
age. Hardware-level chip design can reduce it [14,15],
while leakage-tolerant QEC codes have been proposed at
the cost of an increased number of qubits [16,17]. Active
methods like leakage reduction units (LRUs), designed to
seep leakage to the computational subspace, offer a more
direct solution [12,18-24]. However, many LRU protocols
require a dedicated time step within the QEC cycle. This can
increase the overall physical error rate, potentially negating
the benefits of leakage removal. Moreover, some LRUs
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require additional control electronics or quantum elements
on-chip, making their implementation difficult.

In this work, we address these challenges by exper-
imentally demonstrating a high-fidelity, time-efficient, and
hardware-efficient LRU for superconducting qubits. Our
protocol is inspired by DDROP [25], which we adapt here
for leakage removal from |f) to |e). The key innovation is
the concurrent operation of the LRU with the measurement
process, creating an LRU-enhanced measurement that has
no time overhead compared to standard 2-level readout
(2RO). The protocol is broadly applicable, as its imple-
mentation only requires a dispersively coupled readout
resonator, a nearly universal component in current super-
conducting quantum processors. It also uses the same
electronics as for standard readout and single-qubit gates,
without the need for extra local oscillators or mixers to
reach distant frequency bands [19].

A high-fidelity three-level readout (3RO) can be
achieved by the LRU-enhanced measurement, which
provides the QEC decoder with significantly richer infor-
mation than a conventional binary outcome. This has been
shown to improve logical performance [26]. Specifically, a
readout result corresponding to |f) heralds a leakage event
at a known location (measure qubit) and time (QEC
round). This transforms a non-Pauli error into a tractable,
heralded error for the decoder. A key result of this work is
a demonstration that QEC without any post-selection
performs best when combining the LRU with 3RO.
Notably, the LRU can even stabilize the error-suppression
rate in the stability experiment, making it independent of
leakage injection rate.

The manuscript is organized as follows. We first detail
the calibration and characterization of the LRU, quantify-
ing its leakage removal efficiency and its minimal impact
on readout fidelity. We then demonstrate its practical value
by integrating it into two QEC benchmarks: a memory
experiment of a distance-3 bit-flip repetition code and a
7-qubit stability experiment. In both cases, we show that
combining the LRU with 3RO yields the highest logical
performance among the four variants (2RO or 3RO with or
without LRU) at all levels of controlled leakage injection
on controlled-Z (cz) gates.

II. IMPLEMENTATION OF THE LEAKAGE
REDUCTION UNIT

The processor used in our experiments [19] has a
standard circuit quantum electrodynamics architecture,
with each transmon dispersively coupled to a dedicated
readout resonator. The LRU protocol relies on a directional
process for unconditional leakage reset. The implementa-
tion, shown schematically in Fig. 1, is specifically tailored
for leakage removal from |[f) to |e). For clarity and
simplicity, this schematic omits the dedicated Purcell
filter, which is present in our processor to protect each
transmon from Purcell decay through the resonator. As we
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FIG. 1. Simplified schematic of the leakage reduction unit (LRU)
protocol. The energy levels of the coupled transmon-resonator
system are shown, with states labeled as |Transmon, Resonator).
The protocol utilizes two simultaneous drives: a transmon drive at
the frequency of the |¢) <> |f) transition when there is no photon in
the resonator, , ¢ o, and a resonator drive at the resonator frequency
when the transmon is in |e), ®,,. The process begins with the
system in the leakage state |f,0). The transmon drive, which is
resonant with the |f,0) <> |e,0) transition, then transfers the
population to |e, 0). Subsequently, the resonator drive populates
the resonator, moving the system to a final steady state, |e, m). The
directionality of this process is ensured by the dispersive shift, 2y.
As photons accumulate in the resonator, the transmon transition
frequency shifts. The original transmon drive at w, ;o becomes off-
resonant with the |e, m) <> |f, m) transition by an amount of 2y,
preventing the system from being reexcited to the |f) state
manifold. Likewise, the resonator drive is off-resonant when the
transmon is in |f), preventing photon accumulation. Once the
drives are removed, the system quickly decays to |e, 0), effectively
removing leakage from |f).

show below (Figs. 2 and 3), the LRU protocol is fully
compatible with and effective in the presence of the filter.

The protocol creates a one-way path from the leakage
state |f) to the computational state |e¢) by applying
simultaneous microwave drives to the transmon and the
resonator. The core principle is to leverage the state-
dependent frequencies of the transmon and resonator. A
resonant transmon drive transfers population from |f,0)
to |e,0), while a second drive begins to populate the
resonator, a process that is efficient only when the trans-
mon is in |e). This induced photon population is the key: it
activates the dispersive shift, which detunes the transmon
le) — |f) transition frequency. This detuning effectively
locks the transmon in the computational subspace by
making the reverse transition to |f) highly off-resonant.

Transitioning from the idealized model above to a
realistic system introduces practical limitations that can
affect performance due to finite linewidths. In a real
system, an off-resonant drive can still induce unwanted
transitions, which could reduce the leakage removal
efficiency or even re-introduce leakage. This non-ideal
effect can be mitigated by designing a system with a larger
dispersive shift or decoherence time 7, (detailed system
parameters of our device can be found in Sec. I of
Supplemental Material [27]). As will be shown later,
tuning the drive parameters to find an optimal operating
point also helps to reduce this problem.
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FIG. 2. Calibration of the LRU pulse. (a) The experimental
pulse sequence used for calibration. The transmon is first
prepared in the |g), |e), or |f), followed by the LRU-enhanced
measurement. A delay, #4e1,y is introduced between the resonator
and transmon drives to enable three-level readout. Finally,
population tomography is performed using a standard measure-
ment with readout errors corrected. (b)—(e) Performance versus
drive parameters. Each point averages over 4000 shots. In
(c) three distinct behaviors are observed: a coherent region at
low resonator power where Rabi oscillations dominate; a central
working region where balanced drives enable the intended LRU
process; and a high-power region where the strong resonator
drive populates the resonator with photons exceeding the critical
photon number of the dispersive regime. In (d),(e) the trade-off
between assignment fidelity and leakage removal is explored. In
(d) the assignment fidelity increases with f4,, before being
limited due to transmon relaxation. In (e) the residual |f)
population increases as fqe.y gets longer; it rises slowly at first
while photons build up in the resonator, then rises more quickly
as the reduced time for the removal process becomes the
dominant factor. The white dashed lines indicate contours for
infidelity (0.07) and residual population (0.02). The yellow star
marks the final choice of parameters.

A core advantage of driving the readout resonator is
that measurement can be performed simultaneously with
the leakage removal. This effectively creates an LRU-
enhanced measurement with no time overhead for 2RO.
Furthermore, the transmon drive is designed to only induce
the transition between |e) and |f), ideally leaving the
ground state |g) unaffected. We have experimentally
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FIG. 3. Performance comparison of LRU-enhanced and stan-
dard measurements. The LRU-enhanced measurement (left
column) is compared to a standard measurement (right column),
which is implemented by turning off the transmon drive while
keeping all other parameters identical. (a),(b) Single-shot I-Q
data with 4000 shots for each state. (c),(d) Readout assignment
matrices, showing the probability of assigning a measurement
outcome given a prepared state. The average assignment fidel-
ities are 96.3% (LRU) and 96.7% (standard). (e),(f) Population
transfer matrices showing the probability of the transmon being
in a final state given its initial state. The matrix in (e) demon-
strates a leakage removal fraction of 98.4%.

confirmed that the assignment fidelity between |g)
and |e) remains uncompromised during this process
(see Fig. 3). By introducing a delay, #4,y, between the
resonator and transmon drives, a distinct readout signal for
|f) can also be obtained (see Fig. 2 for details). This delay
allows switching 3RO on and off conveniently without
sequencing a different readout.

For calibration, both assignment fidelity and leakage
removal efficiency are optimized using the circuit shown
in Fig. 2(a). The transmon drive pulse has a sine-squared
envelope as in Ref. [42], with 10 ns rise and fall times,
while the resonator drive is a square pulse. The total
duration for the LRU-enhanced measurement is 500 ns
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(380 ns pulses followed by 120 ns for photon depletion),
which is typical for a standard measurement in our system.
The final population tomography [quantified by a 3 x 3
matrix as shown in Figs. 3(e) and 3(f)] is corrected for
readout errors using an iterative Bayesian unfolding
method [43], with a reference matrix for unfolding
averaged over 10 000 shots.

Due to the coupled nature of the drive parameters, the
covariance matrix adaptation evolution strategy algorithm
[44] is used to find a global optimum. We use the
geometric mean of assignment fidelity and leakage
removal as the cost function, while the parameters to
optimize include the frequencies and amplitudes of the
two drives, as well as #4j,y. To illustrate the underlying
physics, Figs. 2(b)-2(e) shows 2D sweeps of the key
parameters, with all other parameters held at their opti-
mized values.

There are three distinct physical regimes that depend on
both drive amplitudes, as highlighted in the landscape of
Fig. 2(c). The performance is quantified by the leakage
removal fraction, defined as 1 — P(f]|f) and obtained from
the population tomography, where P(f|f) is the proba-
bility of both start and end states being |f). The first
regime, the coherent region, occurs when the resonator
drive is too weak, and an insufficient number of photons
populates the resonator. The resulting dispersive shift is
not large enough to prevent the transmon drive from
causing off-resonant transitions, leading to coherent
Rabi oscillations between |e) and |f) rather than a direc-
tional reset. This effect can also be quantitatively described
by the state jump rate ¥jym, = Qz/2(r2 +Iy), where Qg is
the Rabi drive rate, y, is the qubit dephasing rate and I';; is
the measurement-induced dephasing rate [45]. Conversely,
if the resonator drive is too strong (the high-power region),
the reset rate is suppressed, resulting in a lower leakage
removal fraction for a fixed duration. The number of
photons may also exceed the critical photon number, and
the system no longer operates in the dispersive regime,
breaking a fundamental assumption of the protocol.
Between these two extremes lies a broad working region
where the drives are balanced, and the LRU process
proceeds with high efficiency. The large area of this
working region demonstrates the robustness of the proto-
col against variations in drive amplitudes.

One of the key features of the protocol is the ability to
enable a distinct readout of |f). As shown in the circuit in
Fig. 2(a), this is achieved with finite 74,y. This delay
creates a pure readout window where the resonator
response is sensitive to the transmon state before the
leakage removal begins. Note that while the delay neces-
sarily reduces the available time for the subsequent
leakage removal, it is not simply a penalty. Building up
photons in the resonator before applying the transmon
drive helps to reduce leakage induced by the transmon
drive itself and can speed up the subsequent reset process.

Varying 7.1,y reveals a performance trade-off, as illustrated
in Figs. 2(d) and 2(e). We define the |f) assignment
infidelity [Figs. 2(b) and 2(d)] as 1— P(2|f), where
P(2|f) is the probability of the LRU-enhanced measure-
ment outputting 2 when the transmon is prepared in |f).
In Fig. 2(d), increasing f4e,y initially improves the |f)
assignment fidelity by allowing more time for pure read-
out. This improvement continues until the fidelity becomes
limited by the transmon natural relaxation time. At short
taelay [Fig. 2(e)], the residual |f) population depends only
weakly on 74q,,. We think that leakage removal in this
regime is limited primarily by experimental imperfections.
At longer 7415y, however, the residual population increases
more rapidly with 74, as the reduced pulse duration
becomes dominant. This behavior allows us to obtain the
benefit of high-fidelity |f)-state readout without a signifi-
cant compromise in leakage-removal performance. The
chosen operating point, marked by the yellow star, is
where these factors are balanced, achieving a near-
saturated assignment fidelity while maintaining a high
leakage removal fraction.

With the LRU protocol calibrated, its performance is
now directly compared against a standard measurement in
Fig. 3. To ensure a fair comparison, the standard meas-
urement is implemented by turning off the transmon drive
of the LRU-enhanced measurement while keeping all
other parameters identical. The single-shot readout data,
plotted on the I-Q plane in Figs. 3(a) and 3(b), shows well-
separated state clusters for both measurement types. A
more quantitative analysis is provided by the readout
assignment matrices in Figs. 3(c) and 3(d). The average
3RO assignment fidelities (calculated as the average of
diagonal terms) are nearly identical at 96.3% for the LRU-
enhanced measurement and 96.7% for the standard one. To
be specific, the assignment fidelities between |g) — |e) and
lg) — |f) are unchanged. This confirms that the LRU does
not compromise the overall ability to distinguish the
computational states. The fidelity between |e) and |f) is
slightly lower with the LRU, consistent with the trade-off
discussed in Fig. 2. In addition, readout signals are
integrated using uniform weights. We expect the assign-
ment fidelity to be further improved with optimal weights
[46—48], especially when the transmon drive is on. The
LRU performance is revealed in the population transfer
matrices [Figs. 3(e) and 3(f)], which are extracted from
the final readout-error-corrected population tomography
[Fig. 2(a)]. These matrices show the statistics of the final
state of the transmon after the measurement. The off-
diagonal terms in the lower-left of both matrices, such as
the probability P(gle), are primarily due to relaxation
during the measurement window. The crucial result is in
the bottom row of Fig. 3(e), which shows that if the
transmon starts in |f), the LRU process actively returns
it to |e). This corresponds to a leakage removal fraction
of 98.4%. In contrast, the matrix for the standard
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measurement in Fig. 3(f) shows a high P(f]|f), indicating
that the leakage state persists as expected. The comparison
also indicates that one can easily turn the LRU on or off by
simply turning on or off the transmon drive, which high-
lights the ease of use as a main advantage. In Secs. IT and III
of Supplemental Material [27], we provide examples of
performance under different calibration targets and present a
detailed analysis suggesting routes for future improvement.

III. LRU IN QUANTUM ERROR CORRECTION

Having established and calibrated the LRU-enhanced
measurement, we explore its benefit in the context of QEC.
We perform two experiments that benchmark the basic
tasks in fault-tolerant quantum computation: a memory
experiment [4-6,49-53], which tests the preservation of a
logical observable through time, and a stability experiment
[54-56], which tests the movement of a logical observable
through space, as in lattice surgery [57]. Leakage is a
particularly damaging error source in these two contexts,
and especially in stability experiments, as a leaked trans-
mon can induce correlated errors in subsequent rounds. By
actively returning leaked transmons to the computational
subspace, our LRU protocol should suppress the impact
from these error channels and thereby improve the logical
performance.

A. Memory experiment

The memory experiment is performed using a distance-3
bit-flip repetition code, which we call Repetition-5. As
shown in the device schematic in Fig. 4(a), the logical
qubit is encoded in three data qubits (D5, Dg, Dy), while
two measure qubits (Z3,Z,) are used to perform parity
checks (same device as in Ref. [19], but with X and Z
labels swapped). As the experimental circuit in Fig. 4(a)
shows, after initializing the data qubits into one of the basis
states |i, j,k)(i, j,k€{0,1}), the system undergoes R
rounds of stabilizer measurements. At the end of each
round, X gates are applied to data qubits during measure-
qubit readout to make state-dependent errors (mainly
relaxation here) more state-independent. These X gates
are replaced by two-level readout (2RO) on data qubits in
the last round [not shown in Fig. 4(a) for simplicity]. The
error information can be extracted from readout outcomes
of measure qubits. A parity is defined by the difference
between two consecutive measure-qubit outcomes in our
case, as we do not reset the measure qubits each round. The
parity of the first (last) round is directly computed from
data-qubit initialization (measurements). A change in the
parity relative to the previous round signals a detection
event, indicating that an error may have occurred in the
interim. The space-time history of these detection events,
together with extra information (leakage flags in our case),
is fed to a decoder. We use a neural network decoder as
described in Secs. V and VI of Supplemental Material [27].
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FIG. 4. Memory experiment of a distance-3 bit-flip repetition
code. (a) Schematic showing the five qubits used, with data qubits
in red and measure qubits in green. Quantum circuit consisting of
qubit initialization, R rounds of stabilizer measurements, and final
measurement. (b),(c) Logical error probability (p;) as a function

of the number of QEC rounds (R) at baseline leakage (ivl = 1.0%)

and intermediate leakage (LNl = 3.6%). Performance is compared
for protocols with LRU (orange) and without (No LRU, blue),
using either a three-level (3RO, solid lines, circles) or two-level
(2RO, dashed lines, triangles) readout on the measured qubits.
Results are averaged over all basis states |i, j, k). (d) Extracted
logical error rate per round (g;) as a function of the estimated
leakage rate (E). The combination of LRU with 3RO consistently
provides the lowest error rate, with the advantage growing as
leakage increases.

To avoid the neural network decoder learning unwanted
information, random logical bit flips (dashed X gates) are
applied at the start of each QEC round, as shown in Fig. 4(a).

The goal of the decoder is to use the measured
information to determine a logical correction. By repeating
the experiment for a fixed number of rounds R, the logical
error probability p; (R) is measured. The key figure of
merit is the logical error rate per round, &;, which is
extracted by fitting p; (R) =4 —3 (1 —2¢,)% R0, where
R, is a constant [58]. To improve the extraction of ¢;, we
fix Ry = 0 and fit starting from round 5.

To study the effects of leakage, we controllably sweep
the leakage rate of the cz gates [Figs. 4(b)-4(d)]. The
leakage rate is swept by adjusting control parameters along
the contour of 180° conditional phase. As a proxy for
leakage L, we use the upper bound L; obtained from
conditional oscillation experiments [59] (see Sec. IV of
Supplemental Material [27] for details). In all cz gates,
measure qubits are the ones prone to leak as they are the
higher-frequency transmons of every pair.

Without intentional leakage injection [Fig. 4(b), at

baseline Zv] = 1.0%] using 3RO over 2RO gives the most
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important performance improvement, reducing the logical
error rate by 11.1%. (Note that 2RO is achieved by actually
doing a 3RO and mapping the outcome 2 to 1, see Sec. V
of Supplemental Material [27].) Incorporating the LRU
shows benefit at all other levels of injected leakage, for

both 2RO and 3RO, as shown specifically for ZI =3.6%
in Fig. 4(c). The full leakage sweep in Fig. 4(d) shows that
combining LRU and 3RO universally gives the best
results. Further research is required to see if this holds
at larger code distances and for other codes. In addition to
investigating leakage during Ccz gates in the experiment,
we have used simulation to explore the impact of other
leakage sources (Sec. VIII of Supplemental Material [27]).

B. Stability experiment

The stability experiment, which we call Stability-7, is
performed with a 1D chain of four Z-type stabilizers
involving seven qubits [Fig. 5(a)]. The experiment begins
by initializing the four measure qubits in one of classical
bitstrings |7, j, k, 1) (i, j, k,1€{0,1}), and the three data
qubits in |[+). The circuit is similar to that of Repetition-5;
however, there is no need for random flips on data qubits,
as the logical observable is now defined by measure qubits
instead of data qubits, and data-qubit measurements are
not used in the decoding. The logical observable of a
stability experiment is defined as the product of the four
measure-qubit readout outcomes in a given round; here, we
choose the last odd round. A logical error occurs if this
measured product, after correction by the decoder, is
different from the known fixed product (0 or 1 depending
on the initial measure-qubit states). Stability experiments
can be viewed as space-time rotated memory experiments
[54], where increasing R exponentially reduces p; , analo-
gous to increasing the code distance in a memory experi-
ment. We fit the data to the model p, = Ae™ 7R, with error-
suppression factor y and scaling factor A. As the decay of
pr. is not purely exponential in the first few rounds (a point
we address later in this section), we perform fits starting
from round 10. In this experiment, we inject leakage
only on the Cz gates between measure and data qubits in
which the measure qubit is higher frequency and thus the
one susceptible to leakage (all cz gates except Ds — Z,
and D5 — Z3)

In Stability-7, using LRU and 3RO both in isolation and
especially in combination gives substantial performance
improvements even at the baseline leakage rate [Fig. 5(b)].
Compared to 2RO without LRU, y increases by 29%, 23%,
and 54% for 2RO with LRU, 3RO without LRU, and 3RO
with LRU, respectively. We observe significant improve-
ments even at baseline because stability experiments are
more susceptible to time-like errors than memory experi-
ments. Leakage is a time-correlated error and can be long
lived, making it especially damaging if not dealt with. The
improvement is even more significant at increasing levels
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FIG. 5. Stability-7 experiment. (a) Schematic of the seven

qubits used and quantum circuit. Device and conventions are the
same as in Fig. 4. cz gates with narrower horizontal spacing
between them are executed simultaneously. (b),(c) Logical error
probability (p;) versus QEC rounds (R) at baseline leakage
(Z; = 1.2%) and intermediate leakage (LNI = 3.7%). The legend
is the same as in Fig. 4. The data (scatters) are fit with p; =
Ae~ "R starting from round 10 (solid lines). (d,(e) Extracted fitting
parameters y (higher is better) and A (lower is better) as a
function of the leakage estimate H . With the LRU, the error-
suppression factor y remains stable against increasing leakage.
The combination of LRU with 3RO consistently provides the
best performance for both y and A.

of injected leakage. For example, at ZI = 3.7% [Fig. 5(c)],
y increases by 61%, 33%, and 90%, respectively.

The non-exponential curvature of p; at low rounds in
Figs. 5(b) and 5(c) warrants further discussion, as it is not
expected with LRU. From simulation, we believe that this
curvature is not caused by insufficient leakage removal by
the LRU, nor by leakage on the central data qubit (D5)
which does not have an LRU. We hypothesize that it may
be due to leakage to higher excited states beyond |f).
During preparation of this manuscript, we became aware
of Ref. [60], which attributes this curvature to a combi-
nation of data-qubit leakage and leakage to higher excited
states beyond | f). The absence of a clear curvature due to
data-qubit leakage in our simulation may be explained by
the fact that only one data qubit can leak, which does not
capture the leakage mobility [13] in the experiment and
therefore may be insufficient to produce a significant
effect.

The central finding is that the LRU protocol protects the
logical observable against leakage, maintaining a nearly
constant y even as the leakage rate increases [Fig. 5(d)].
Without leakage removal, y degrades as the leakage rate
increases. This demonstrates that the LRU is highly
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effective at reducing the long-lived time correlations from
leakage events, which damages the logical performance
of the stability experiment. Across the studied leakage
rates, the combination of the 3RO with LRU consistently
provides the best performance. This is especially valuable
for lattice surgery and logical qubit mobility, because using
LRUs with 3RO can potentially reduce the number of
rounds required to achieve a certain p; .

IV. CONCLUSION AND OUTLOOK

We have presented the mechanism, calibration, and
experimental validation of a high-fidelity and hardware-
efficient LRU with zero time overhead for 2RO for
superconducting qubits. By integrating the reset mecha-
nism directly into the measurement pulse, we achieve a
98.4% leakage removal fraction from |f) and 2RO (3RO)
with average assignment fidelity of 99.2%(96.3%). We
demonstrated the practical value of this LRU-enhanced
measurement by integrating it into two QEC benchmarks.
In the Repetition-5 memory experiment, the logical error
rate is most reduced by using 3RO, while adding the LRU
helps further at finite injected leakage. In the Stability-7
experiment, the LRU successfully mitigates the propaga-
tion of leakage-induced correlated errors, evidenced by an
increase in the error-suppression factor even at baseline
leakage and its stabilization against all levels of injected
leakage. Throughout these experiments, we consistently
found that leveraging the 3RO capability of the LRU
provides a significant, additional benefit to the decoder,
showcasing the power of combining active error removal
with richer error syndrome information.

Our work establishes a practical and highly effective
method for combatting one of the most detrimental error
channels in superconducting quantum processors. The
zero-time-overhead nature of this technique makes it a
valuable tool for improving the performance and scal-
ability of near-term QEC implementations. Future work
could focus on deploying this LRU-enhanced measure-
ment across larger-scale QEC codes. Microwave crosstalk
may play a role in parallel LRUs, which we have not fully
characterized. Besides, carefully designing system param-
eters to improve the leakage removal efficiency is also
necessary for lower overall physical error schemes.
Furthermore, it can also be combined with other data-
qubit LRUs [12,19-24] during measurements to mitigate
leakage on data qubits.
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