Quantum error correction with adaptive syndrome measurements
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Abstract.

While the syndrome measurement is essential for quantum error correction, it also

causes an error in a fault-tolerant setting, where any operations, including those for the syn-
drome measurements, have imperfection. Here we propose a method to implement the syndrome
measurements adaptively conditioned on the previous syndrome measurement outcomes. We
construct a decoding algorithm using a decoder graph depending on a defective syndrome result-
ing from the adaptive measurements. As a demonstration, we numerically show that the adaptive
syndrome measurements successfully reduce the logical error probability in a one-dimensional

repetition code.
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A challenge for constructing viable applications
on quantum devices is noise accumulated during
quantum computation. In order to handle this is-
sue, quantum error correction is applied. Recently,
quantum error correction using the stabilizer codes
[1] has been studied, especially aiming its practi-
cal implementations. For example, the codes suit-
able for biased noise [2, 3], correlated errors [4], and
reducing connectivity of qubits [5] have been de-
veloped. Since quantum computers of a few tens
of qubits are now available, one of the near-term
milestones in quantum computing is an experimen-
tal demonstration of suppression of the logical error
probability sufficiently to achieve a lifetime of quan-
tum information much longer than a coherence time
of physical qubits. However, the noise level in ex-
periments is still high around the noise threshold,
we should improve the error correction protocol as
well as experimental effort to reduce the noise.

In this work, we propose a quantum error correc-
tion with adaptive syndrome measurements, where
the syndrome measurements are done adaptively
depending on the previous syndrome measurement
outcomes. If the outcome of the previous syndrome
measurements suggests any existence of an error,
certain stabilizer operators relevant to the error are
measured in the following cycle. Otherwise, the syn-
drome measurements are skipped to avoid an unnec-
essary error introduction. If the operational error
introduced by the syndrome measurements is dom-
inant against the data storage error, the adaptive
syndrome measurements are expected to improve
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the logical error probability, since the error events
are reduced while detecting possible errors.

To this end, we construct a decoding algorithm
for a defective error syndrome, where the error syn-
drome is not necessarily obtained for all stabilizer
operators at every cycle. Note that there have been
earlier works relevant to quantum error correction
under incomplete syndrome measurements. These
mainly address the loss of qubits [6-8], so some sta-
bilizers are not measured permanently. On the other
hand, in this work, the pattern of the defects of the
error syndrome changes in time.

In order to verify that the proposed scheme im-
proves the logical error probability with a realis-
tic situation, we perform a numerical simulation
on the one-dimensional repetition code. For exam-
ple, if we take the code distance d = 5, the num-
ber of syndrome measurement cycles r = 25, and
two-qubit error rate py = 1072 and single-qubit er-
ror rate p; = 10%, then the logical error proba-
bility with the adaptive syndrome measurements is
(0.84£0.2) x 107, which achieves an improvement of
50% against the case of the conventional syndrome
measurements.

The proposed scheme is straightforwardly appli-
cable to the surface codes [9, 10]. Furthermore,
the proposed decoding algorithm with defective syn-
drome measurements can also be applied for the case
of non-deterministic syndrome measurements possi-
bly caused by a failure of a special ancilla prepa-
ration [11, 12]. Therefore the proposed scheme can
also be used to improve the noise threshold for the
stabilizer codes with a higher weight such as color
codes.
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