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FIGURE 20. URW-BP optimization: impact of varying FAP values on the
WER performance at various channel depolarizing probabilities p.
URW-BP is amalgamated with the modified non-binary decoder and the
performance is analyzed for the System I of Table 8.

(a) Imax = 10 iterations. (b) Imax = 20 iterations.

(€) Imax = 90 iterations.

These values are summarized in Table 14. Hence, the notion
of reweighting the message probabilities is more beneficial
at low depolarizing probabilities and for smaller values of the
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FIGURE 21. Achievable WER performance of the URW-BP, having the best
values of p listed in Table 13, compared with the ‘Modified Non-Binary,
when used on its own. Performance is evaluated for the System I of
Table 8 using Imax = 10, 20 and 90 iterations.

TABLE 14. Performance comparison of URW-BP with the modified BP for
System | of Table 8, based on Fig. 21.

p ata WER of 10~ °
T max Modified BP URW-BP Increase
10 0.0125 0.0155 24%
20 0.015 0.017 13%
90 0.018 00185 3%

maximum affordable number of iterations. This is because at
higher depolarizing probabilities (and similarly larger values
of the maximum number of iterations), the messages are
highly correlated.

VIIl. CONCLUSIONS AND DESIGN GUIDELINES
QLDPC codes may be constructed from the classical binary
as well as quaternary codes by imposing the stringent sym-
plectic criterion on the resultant PCM, which ensures that the
stabilizer generators commute with each other. The design
guidelines of constructing QLDPC codes may be summarized
as follows:
e An [n,k] QLDPC code, having a coding rate of
Rg = k/n, may be constructed from a classical
(2n, n + k) binary LDPC code, having a coding rate of
R:. = (n+ k)/2n, if the associated PCM H satisfies the
stringent symplectic criterion.
o Ideally, the rows of the PCM H should have at most
a single overlapping value of 1 (or non-zero value in
the GF(4) formalism)) for the sake of avoiding length-4
cycles in the Tanner graph, which degrade the perfor-
mance of the iterative decoding algorithm. Unfortu-
nately, the symplectic criterion requires ‘even overlaps’
between the rows of H, thus resulting in unavoidable
length-4 cycles. A major design challenge is therefore
to construct good QLDPC codes in the wake of the
unavoidable length-4 cycles.
« We may exploit four main global structures of the
PCM H for designing QLDPC codes, namely dual-
containing CSS, non-dual-containing CSS, non-CSS
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and the entanglement-assisted solutions of Fig. 4. The
design challenges associated with each of these
structures are summarized below:

o Dual-containing CSS (Section III-A): Mackay’s
bicycle codes are so far the best amongst the dual-
containing CSS codes, but their performance is still
not on par with the classical LDPC codes. This
is because this construction suffers the most from
having short cycles, which exist both in the binary
as well as in the GF(4) formalism.

o Non-dual-containing CSS codes (Section III-A):
It is difficult to find a pair of sparse binary PCMs
satisfying the symplectic criterion, which consti-
tute good QLDPC codes. At the time of writing,
only the SC QC-LDPC codes and the non-binary
QC-QLDPC codes are known to perform close to
the Hashing bound. But this comes either at the
cost of pre-shared noiseless ebits or at an increased
complexity.

o Non-CSS codes (Section ITI-B): Ideally, non-CSS
constructions are preferred over the CSS codes
because they exploit the redundant qubits more effi-
ciently. However, finding good non-CSS QLDPC
codes remains an open challenge at the time of
writing.

o EA codes (Section III-C): Entanglement-assistance
may assist us in achieving a performance compara-
ble to that of the classical LDPC codes. However
again, this requires pre-shared ebits, which consti-
tute a valuable resource gleaned at the cost of a
transmission overhead. Therefore, efforts must be
made to minimize the number of required ebits.

« Additionally, it is desirable that the resultant QLDPC
code has the following attributes:

o A structured PCM, for example a cyclic or quasi-
cyclic structure, for facilitating its implementation;
and

o An unbounded minimum distance or at least a suf-
ficiently high minimum distance for long block
lengths.

QLDPC codes may be decoded using syndrome-based
BP either in the binary domain or in the non-binary domain.
Besides the obvious lower complexity of the binary decoding,
the two main differences between these decoding regimes are:

« In contrast to the binary decoding, which assumes that
the bit-flips and phase-flips are independent, non-binary
decoding takes into account the correlation between
them, which improves their performance.

o The number of length-4 cycles is higher in the non-
binary formalism of the PCM as compared to the binary
one. This tends to degrade the performance of the non-
binary decoder.

Hence, we have a pair of conflicting attributes. However, the
non-binary BP outperformed the binary BP for both QLDPC
codes, which we investigated in this paper.
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From the perspective of decoding, the challenges may be

summarized as follows:

o Degeneracy: Quantum codes are inherently degener-
ate in nature. This may improve the associated decod-
ing performance if the decoder takes this degeneracy
into account. Unfortunately, the BP algorithm does not
exploit this degeneracy. In fact, since BP is based on
marginalized probabilities, the presence of degenerate
errors impairs its performance.

o Short cycles: Unavoidable length-4 cycles found in
QLDPC codes degrade the performance of BP. This gets
even worse for the homogeneous CSS codes, when they
are decoded in the non-binary domain.

Heuristic methods, namely random perturbation and
enhanced feedback, are known to alleviate both these issues
to some extent. However, this is achieved at the cost of an
increased decoding complexity. Therefore, we conceive a
modified non-binary decoding algorithm for homogeneous
CSS-type QLDPC codes, which successfully alleviates the
issue of unavoidable length-4 cycles. Our modified decoder
exhibits a superior WER performance, despite its lower
decoding complexity as compared to the state-of-the-art
decoding techniques. It may also be amalgamated with
heuristic methods for attaining additional performance gains.
We also demonstrated that URW-BP can be exploited for
counteracting the issues of short-cycles.
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