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To make practical quantum algorithms work, large-scale quantum processors protected by error-
correcting codes are required to resist noise and ensure reliable computational outcomes. However, a
major challenge arises from defects in processor fabrication, as well as occasional losses or cosmic
rays during the computing process, all of which can lead to qubit malfunctions and disrupt error-
correcting codes’ normal operations. In this context, we introduce an automatic adapter to implement
the surface code on defective lattices. Unlike previous approaches, this adapter leverages newly
proposed bandage-like super-stabilizers to save more qubits when defects are clustered, thus
enhancing the code distance and reducing super-stabilizer weight. For instance, in comparison with
earlier methods, with a code size of 27 and a random defect rate of 2%, the disabled qubits decrease
by 1/3, and the average preserved code distance increases by 63%. This demonstrates a significant
reduction in overhead when handling defects using our approach, and this advantage amplifies with
increasing processor size and defect rates. Our work presents a low-overhead, automated solution to

the challenge of adapting the surface code to defects, an essential step towards scaling up the
construction of large-scale quantum computers for practical applications.

Overcoming the challenges posed by realistic hardware noise, quantum
error correction (QEC) plays a pivotal role in protecting fragile qubits from
decoherence effects, unlocking quantum computing’s full potential. Among
various QEC codes, the surface code'™ stands out due to its 2D nearest-
neighbor coupling lattice and high error threshold, typically around 1%.
While significant progress has been made in small-scale implementations of
the surface code, such as increasing the code distance from two** to three”*
and then to five’, as well as demonstrating logical gates'*", the road to
achieving large-scale, practical algorithms demands thousands of logical
qubits with extremely low gate error rates, typically below 107'°. This
necessitates millions of physical qubits'*, a scale far beyond the capabilities of
current physical devices.

As we strive to build larger quantum devices with more qubits,
defects like nonfunctional qubits or failed entangling gates during fab-
rication are unavoidable. It is estimated that ~2% of the qubits on a
transmon device would be defective with current technology". Even
advanced processors like Zuchongzhi”'*"" and Google’s Sycamore™",
with just a few dozen qubits, are susceptible to defects. Additionally,

external events such as cosmic rays impacting superconducting
devices'”™, or leakage and loss events in ion trap or neutral atom
arrays””* can mimic defects. Topological codes rely on specific lattice
structures to encode logical states, making them susceptible to defect
errors that alter the topology and reduce code distance, necessitating an
adaptive approach for error correction on defective lattices” . To this
end, we introduce an adapter that deforms defective lattices and identifies
super-stabilizers, enabling the implementation of the surface code on
defective lattices. This adapter automates the entire process, which is
crucial for scalability. As chip sizes grow, manually designing the adapter
based on processor defects becomes challenging, especially since we aim
for programmable logical operations. Additionally, our approach intro-
duces a new type of super-stabilizer called bandage-like super-stabilizers.
These super-stabilizers ensure that our adapter operates with low over-
head when dealing with defects. Compared to previous methods™~*, our
approach minimizes the number of disabled qubits caused by defects as
possible, achieving higher code distances and lower-weight super-stabi-
lizers, thus significantly reducing logical error rates. These advantages
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highlight that our low-overhead defect-adaptive surface code approach
provides a reliable and efficient path for scalable, large-scale fault-tolerant
quantum computing.

Results

Defective lattice surface code adapter

Creating a surface code adapter for defective lattices demands an automated
solution capable of handling diverse defect scenarios that manifest ran-
domly across the lattice, whether along its edges or clustered closely toge-
ther. Additionally, we aim to retain as many qubits as possible to mitigate the
loss of error-correction capability caused by defects. In pursuit of this
objective, we present a fully automated adapter customized for the surface
code on a defective lattice, as depicted in Fig. 1. This adapter comprises three
sequential subroutines:

Boundary deformation. We kick off by addressing defects along the
boundary, removing unsafe boundary data qubits and redundant syn-
drome qubits. A boundary data qubit is marked as safe if it ticks off three
conditions: the qubit itself and its surrounding frontier, including
neighboring undisabled syndrome qubits and couplers, are defect-free,
and its surrounding frontier aligns with the boundary type, as shown in
Fig. le. This requirement stems from the surface code’s need for specific
syndromes to catch certain errors-an X(Z) boundary data qubit, for
instance, requires a Z(X) syndrome to detect an X(Z) error, and two X(Z)
syndromes to detect a Z(X) error. Meanwhile, corner data qubits each
require an X and a Z syndrome to catch errors in both directions.

Following these safety guidelines, we turn to a breadth-first search
(BFS) algorithm to adjust the surface code lattice boundaries inward. This
process, elaborated in the “boundary deformation” algorithm in the Sup-
plementary Material, assesses the safety of every boundary data qubit. Upon
detecting an unsafe data qubit, we disable it along with its surrounding
redundant syndrome qubits, which may be defective, weight-0 (a weight-n
syndrome qubit has n undisabled data qubit neighbors), or of different types
from the boundary (e.g., Z syndrome qubits adjacent to the disabled X
boundary data qubit). The BFS iteratively reassesses boundary data qubits to
identify any new unsafe ones and redundant syndrome qubits until no new
unsafe boundary data qubits emerge, resulting in a defect-free boundary, as
depicted in Fig. 1b.

Internal defect disabling. This straightforward step involves tackling
internal defects, which come in three types: data qubit defects, syndrome
qubit defects, and coupler defects. We follow the rules outlined in Fig. 1f
to disable these defects and their neighboring qubits. Specifically, for
data qubit and coupler defects, we disable the corresponding data
qubits. For syndrome qubit defects, we disable the corresponding syn-
drome qubits and their neighboring data qubits. The underlying reason
for these rules is that internal data qubits require two X and two Z
syndrome qubits to detect Z and X errors. A specific order is necessary
when tackling internal defects-defective syndrome qubit first, then
defective data qubit, and finally defective coupler-to ensure each rule is
applied only once and prevent conflicts. Finally, we disable weight-0
syndrome qubits caused by the implementation of the above rules. As
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Fig. 1 | The construction steps for the defect-adaptive surface code. a An example
of a defective surface code lattice, where defective qubits and couplers are marked in
red, and boundary qubits are marked with star symbols. b-d Display the surface code
lattice after undergoing boundary deformation, internal defect disabling, and stabilizer
patch, respectively. e Illustrates safe boundary data qubits and their frontiers, including
X, Z, and corner boundary data qubits from top to bottom, along with their frontiers,
encompassing couplers and syndrome qubits around data qubits. f Depicts the rules
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for internal defect disabling, showcasing the disabled qubits rules for defect syndrome
qubits, data qubits, and couplers from top to bottom. The rules for defect data qubits
and couplers are the same. g, h demonstrate the rules for bandage-like super-stabi-

lizers. In scenarios where internal defect qubits are not clustered, they behave similarly
to traditional super-stabilizers, as shown in (g). However, in clustered situations, these
super-stabilizers can stretch across weight- 1 and bridge syndrome qubits, as illustrated
in (h). Additionally, (h) highlights a bridge syndrome qubit for illustration purposes.
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can be easily seen, this entire process is conducted without altering the
boundary’s shape.

We note that internal defects may cluster together, especially at high
defect rates. This leads to two primary scenarios: weight-1 syndrome qubit,
and bridge syndrome qubit (see Fig. 1h, where a syndrome qubit connects to
two active data qubits along the same diagonal line. Previous research™
suggests disabling these types of syndrome qubits. However, such action
may require reapplying internal defect-disabling rules, potentially disrupt-
ing the previously fixed boundary shape. In cases of high defect rates, this
could trigger an avalanche effect, disabling a significant portion of qubits
(refer to the Supplemental Material for an example). In our approach, we
don’t disable internal weight-1 and bridge syndrome qubits due to our
proposed bandage-like super-stabilizer. This strategy helps reduce disabled
qubits, minimizing super-stabilizer weight and preventing an avalanche
effect. Additionally, retaining bridge syndrome qubits potentially maintains
a greater code distance (refer to the Supplemental Material for an example).

Stabilizer patch. In this step, we utilize the proposed bandage-like super-
stabilizers, which combine the same type of gauge syndrome qubits
through disabled qubits, to cover all internal disabled qubits. When
internal defect qubits are not clustered, they function similarly to tradi-
tional super-stabilizers”, as depicted in Fig. 1g. However, if internal
defect qubits cluster, these super-stabilizers can stretch across weight-1
and bridge syndrome qubits, maintaining the integrity of syndrome
qubits and conserving more data qubits, as shown in an example in Fig.
1h (refer to Algorithm 3 of Supplementary Material for the detailed
construction method for super-stabilizers). These super-stabilizers share
an even number of data qubits with the opposite type of stabilizers,
allowing them to commute with each other.

In the final step, we place logical operators X and Z, onto the defective
lattice. These operators are positioned along paths containing opposing
types of syndrome qubits to avoid intersecting super-stabilizers and intro-
ducing gauge qubits. Generally, multiple equivalent logical operators exist,
and we choose the most convenient option. Note that the logical operators
we aim to protect should contain no gauge operator. They may not be the
shortest one and cannot be used to determine the code distance. (refer to the
Fig. S12 of Supplementary Material for an example of counting the code
distance). Finally, our method adapts the defect lattice depicted in Fig. la
into the surface code shown in Fig. 1d, resulting in a greater X distance of 5
compared to the 4 achieved by the traditional method. (refer to the Sup-
plemental Material for the performance comparison between the bandage-
like method and traditional method for this defect lattice).

Building a stabilizer measurement circuit

Building stabilizer measurement circuits for adapted devices involves
measuring super-stabilizers, which can’t be directly measured like regular
single-syndrome stabilizers because they contain anti-commuting gauge
operators. We measure super-stabilizers using a common method from
ref. 29, where X and Z super-stabilizers are measured in alternate cycles, and
their outcomes are inferred from the gauge operators’ product. We note that
in our method, multiple bandage-like super-stabilizers may intertwine to
form a super-stabilizer group (e.g., in Fig. 2a II, we see a group with 2 X and 2
Z bandage-like super-stabilizers). It’s crucial to ensure that X and Z super-
stabilizers in the same group are not measured in the same cycle, while the
same type in a group are measured simultaneously.

Furthermore, to improve error correction ability, we can use the shell
method outlined in ref. 30. This involves repeating the measurement of the
same type of gauge operator for several consecutive cycles, allowing
extracting information about each gauge operator’s value. The number of
consecutive measurement cycles is called the shell size, as illustrated in
Fig. 2a. We must determine the appropriate shell size for each stabilizer
group while ensuring it aligns with experimental constraints. Basically, there
are two strategies for determining the shell size: the global strategy applies
the same shell size to all stabilizer groups, while the local strategy assigns
each stabilizer group its own shell size. The selection of the shell size depends
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Fig. 2 | Illustration of the stabilizer measurement circuit building and related
simulation results. a Space-time lattice with super-stabilizers forming shells. The
columns align along the temporal direction to show the measurement of super-
stabilizers in the space-time lattice. Various types of super-stabilizers are shown: I.
Super-stabilizers formed by a single data qubit defect. II. Bandage-like super-sta-
bilizers formed by the nearby defect. III. Super-stabilizers formed by a single-
syndrome qubit defect. IV. X stabilizer is unaffected by defects. V. Z stabilizer
unaffected by defects. The shell size indicates the consecutive measurements of the
same type of super-stabilizers. For regular stabilizers, X and Z stabilizers are mea-
sured in the same cycle. However, X and Z super-stabilizers cannot be measured in
the same cycle. b The logical error rate (LER) of the surface code under different code
sizes L and defect rates (DR). The box plot displays the logical error rates for defect
rates 0of 0.005, 0.01, 0.015, and 0.02 at a physical error rate of p = 0.002. The whiskers
extend to data within 1.5 times the interquartile range (IQR) from the box. Points
beyond are fliers. The outlier arises from two factors: (1) sampling defective devices
at a rate of p involves independently assigning each component a defect probability
of p, rather than exactly pN defects across N components, leading to variation in
defect counts even at a consistent defect rate; (2) the spatial distribution of defects,
such as when multiple defects align in a straight line or cluster in a specific area, can
significantly impact the code distance. The green, blue, and red dashed lines
represent references for a perfect surface code with physical error rates of p = 0.002,
0.003, and 0.004, respectively. In simulations, we generated 100 devices with ran-
domly distributed defects for each L and defect rate.

on the characteristics of the processor and physical system, as discussed in
the Supplemental Material. For simplicity, in the following numerical
simulations, we use the global shell method.

Once the measurement circuit is set up, we can numerically
simulate and test the performance of the defective lattice surface code
adapter. In our simulations, we utilize the Stim simulator® and employ
the SI1000 circuit-level noise model™, which is well-suited for simu-
lating superconducting experiments, as the error model. We use the
minimum weight perfect matching decoder, “pymatching”, for
decoding. In Fig. 2b, we observe that for a physical error rate p = 0.002,
varying the defect rate from 0.005 to 0.02 (with consistent defect rates
for qubits and couplers, independently assigning each component a
defect probability of p) still allows us to exponentially suppress the
logical error rate (LER) with an increase in code size L (size L device has
L x L data qubits). This demonstrates that our method maintains the
error correction capability of the surface code. Another observation is
that lowering the defect rate can improve error suppression ability.
Furthermore, we compare our results against a perfect lattice with
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Fig. 3 | Performance comparison of the traditional method with our approach in
handling defects. a An example with a code size of L =7. Three highlighted circles
represent potential defects, labeled as A, B, and C. We examine three scenarios: only
defect A, defects A and B, and defects A, B, and C. b Comparison of logical error rate
between bandage-like (B) and traditional (T) methods for the three scenarios in (a)
at a physical error rate of p = 0.002. The bandage-like method shows significant

advantages for both |0); and |+); states. c-f display statistics for the bandage-like

Defect Rate

Defect Rate

and traditional methods regarding (c) Average X distance, (d) Average Z distance,
(e) Average disabled qubit percentage, and (f) Average super-stabilizer weight across
different defect rates. Each data point is based on 100 generated devices with defects
randomly distributed. In our simulations, defect rates are uniform for qubits and
couplers. The bandage-like method consistently demonstrates substantial advan-
tages, regardless of defect rates or code size. These advantages increase significantly
with larger code sizes and defect rates.

SI1000 p ranging from 0.002 to 0.004. We find that for a 1% defect rate
with p=0.002, the error suppression ability of our adapter is com-
parable to that of defect-free devices with p = 0.003. This indicates that
even at high defect rates, our adapter can perform equivalent to a
defect-free lattice with physical error rate increasing only by 0.001,
highlighting its practical utility.

Bandage-like super-stabilizer advantage

To further showcase the advantages of our approach, we compare it with
traditional super-stabilizer methods™~*. We start with a simple case of
three scenarios with increasing defects for L =7 devices, as seen in
Fig. 3a. The results are then shown in Fig. 3b. When there’s only one
defect A, the two methods perform equally. However, as we move from A
to AB and then ABC defects, the advantage of the bandage-like method
becomes more pronounced. Specifically, the bandage method lowers the
LER by 42% (24%) for the |0); (|+),) state with 2 defects, AB, and this
improves to 48% (73%) for 3 defects, ABC. This improvement happens
because the bandage-like method keeps more code distance and lower-
weight stabilizers. For the AB defect scenario, the traditional method
provides a X (Z) distance of 5 (5), while the bandage-like method
maintains 5 (6). Moreover, the average super-stabilizer weight decreases
from 10 to 6.67. Similarly, in the ABC defect case, the traditional
method’s X (Z) distance is 4 (4), while the bandage-like method provides
4(6). And the average super-stabilizer weight drops from 14 to 7 (refer to
Supplementary Material for details).

To generalize this advantage to a broader context, we compare our
bandage-like super-stabilizer approach with traditional methods™* for
adapting multiple devices with randomly distributed defects. It’s worth
noting that we intentionally kept weight-1 and bridge syndrome qubits near
boundary data qubits to prevent further boundary deformation for the
traditional methods. This design choice slightly favored the traditional
method, resulting in a higher baseline performance. In our simulations, we
generated 100 devices with randomly distributed defects for each scenario
for statistical purposes, and the defect rates are consistent across qubits and

couplers (refer to the Supplemental Material for scenarios of devices with
only coupler defects).

Figure 3¢, d shows the average code distance after adaptation with
increasing defect rates. Naturally, code distance decreases with higher defect
rates for both methods. However, the bandage-like method consistently
maintains a superior code distance, and this advantage grows as defect rates
increase, similar to the above specific case. For instance, at a code size of
L =27 and a defect rate of 0.01 (0.02), the average X distance improves from
14.8 (7.3) to 15.9 (12.0), and the Z distance from 15.0 (7.4) to 16.1 (11.9),
marking a 7.6% (63%) average improvement.

The bandage-like method preserves code distance by disabling
fewer qubits. To quantitatively illustrate this, Fig. 3e shows the average
percentage of disabled qubits after adaptation. While disabled qubits
increase with defect rates, the bandage method exhibits a slower
increase, indicating better qubit preservation compared to the tradi-
tional method. For instance, at a code size of L =27 and a defect rate of
0.01 (0.02), the average percentage of disabled qubits improves from
8.5% (32.8%) to 5.8% (11.1%).

Additionally, Fig. 3f shows the weighted average of the average
super-stabilizer weight for each random device, calculated as:
Wavg = (a2_iwai)/(2oa22i1). Here, d represents the index of the random
device (100 devices with defects randomly distributed in our simula-
tion), and i represents the index of the super-stabilizer in each device.
w,; represents the weight of the super-stabilizer indexed by d and i. We
can observe that the bandage-like method exhibits lower average super-
stabilizer weights. For instance, at a code size of L = 27 and a defect rate
of 0.01 (0.02), the average super-stabilizer weight improves from 7.8
(10.1) to 7.3 (8.0), marking a 6.3% (21%) improvement. This reduction
in weight enhances the reliability of the super-stabilizer because lower-
weight super-stabilizers are better at identifying errors within a more
localized area, thus preventing error spread and enhancing error
detection and correction capabilities.

Analyzing Fig. 3c—f collectively, we observe another significant trend:
as code size increases under the same defect rates, the bandage-like method’s

npj Quantum Information | (2025)11:75


www.nature.com/npjqi

https://doi.org/10.1038/s41534-025-01023-y

Article

advantages over the traditional approach also increase in terms of code
distance, disabled qubit percentage, and super-stabilizer weight. The
reduction of qubit disabling is achieved through several mechanisms:
retaining bridge and weight-1 qubits directly reduces qubit disabling;
keeping these qubits prevents a potential avalanche effect of large-area qubit
disabling; and preserving these qubits on the boundary prevents inward
boundary pushing. These mechanisms ultimately provide better code dis-
tance and lower super-stabilizer weight, as detailed in the Supplementary
Material. This scalability advantage is crucial for scaling quantum com-
puting devices.

Discussion

The proposed defect-adaptive surface code has two main features: (1)
Our algorithm automates the defect handling step by step, including
boundary deformation, internal defect disabling, stabilizer patch, all
without conflicts even in complex defect scenarios. This method allows
us to obtain defect-adaptive surface codes automatically in all simula-
tions, without manual intervention. Even with a high defect rate of 2%,
our method still shows an exponential suppression in the logical error
rate as the code distance increases, demonstrating the feasibility and
excellent performance of our approach. These advantages are crucial for
the large-scale expansion of quantum computing. (2) Unlike previous
methods, our adapter utilizes a new type of bandage-like super-stabi-
lizers, offering advantages in maintaining more qubits and code dis-
tance, and reducing super-stabilizer weight, especially in scenarios with
clustered defects. This significantly reduces the logical error rate of
quantum memory on defective lattices. In a simulation with three
defects, our method reduces the logical error rate by 48% and 73% for the
[0); and |+); states compared to previous works. Future interesting
work will involve observing the performance of our experimentally-
ready approach in real-world experiments and achieving error sup-
pression by scaling surface code logical qubits under defective lattices.

Data availability
Data available at https://github.com/DeviesVi/BandAuto.

Code availability
Code available at https://github.com/DeviesVi/BandAuto.
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