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Abstract

We propose an LDPC decoding scheme for bursty residual phase noise channels, using

Viterbi-based channel state estimation and burst-aware LLRs. Simulations show improved bit and packet
error rates over conventional schemes with and without interleaving. ©2025 The Author(s)

Introduction
In optical communication systems, time-varying
impairments arising from system components!'l,
lightwave propagationl?8l, and digital signal pro-
cessing (DSP)“lcan lead to burst errors, which
severely degrade overall system performance.
Interleaving is a common method for mitigating
burst errors by dispersing consecutive bits over
time, making the channel appear memoryless®l.
Although effective, it introduces latency and may
reduce channel capacity!®. However, most net-
work protocols detect and retransmit errors at the
packet levell”], so even a few scattered bit errors
can lead to the loss of multiple packets. There-
fore, interleaving may increase the packet error
rate (PER) under severe burst conditions.
Low-density parity-check codes (LDPC) are
widely used in optical communication for the strong
error correction and near-capacity performancel€l.
The performance of LDPC relies on the accuracy
of soft information, such as log-likelihood ratios
(LLRs). The LLRs must be well matched to the
channel conditions, including bursty noise and
other memory effects for optimal performance.
Certain physical-layer phenomena, such as
sudden phase disturbances induced by lightning
strikesl®, laser instabilityl'®!, and phase recovery
imperfections!''l, can cause bursty residual phase
noise, which challenges conventional equaliza-
tion and decoding. While Viterbi-based channel
state estimation has been studied in wireless fad-
ing scenarios!'?, its use for residual phase noise
in optical systems has not been reported. This
work addresses this gap by proposing a joint burst-
aware LDPC (JBA-LDPC) decoding scheme that
combines Viterbi-based state estimation with burst-
aware LLR calculation. The method is evaluated
under various burst conditions, with and without in-
terleaving. Simulation results show improvements
in both bit error rate (BER) and PER compared
with traditional schemes where channel state infor-
mation is unavailable.
Channel Model
Assuming that all other impairments are perfectly
compensated, this study focuses on bursty resid-
ual phase noise and additive white Gaussian noise
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Fig. 1: State diagram of the Gilbert—Elliott (GE) model

(AWGN). The channel can be modeled as

Y = X&'’ + N, (1)

where X and Y are the transmitted and received
complex signals, respectively. N is the AWGN with
zero mean and variance o2, and 6 is the residual
phase noise, which follows a Gaussian distribution
of zero mean and variance o#.

To represent a bursty phase noise channel, a
Gilbert—Elliott (GE) modell®1'3] is used as shown
in Fig. 1. There are two states S in a GE model:
good (G) and bad (B). The two states correspond
to different severities of the residual phase noise.
The residual phase noise in the G state has a
variance of ¢ = o, while the B state has a
significantly larger variance denoted by % = 3.
The state transition probabilities are Pgp from G
to B and Pg¢ from B to G. Thus, the probabilities
of remaining in the same state are Poc = 1 — Pas
and Pgg = 1 — Ppg. The steady-state probability,
which is the long-term average probability of being
in each state, can be calculated as

Ppg
Pg=——56 2
%~ Pap + Pac @
Pap
Pp= —7—" . 3
B Pap + Poc ®)

Compared with the normal AWGN channel,
residual phase noise in (1) requires a modified
likelihood function, where p(Y'| X)) denotes the like-
lihood of receiving Y given X. As the exact form
is intractable, two approximation methods can be
employed!'¥: the linear transform (LT) and the bi-
linear transform (BLT). Additionally, the channel
state should be considered when calculating the
likelihood in bursty channels, meaning that p(Y'| X)
should be replaced by p(Y|X,S). Thus, the LT-
and BLT-based likelihood functions, along with the
channel state, can be respectively given by
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Fig. 2: Schematic diagram of the (a) baseline LDPC and (b) joint burst-aware (JBA) LDPC encoding and decoding processes in
16-QAM transmission systems with interleaving (II)
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where C is a constant, independent of X and Y.
The first term of (4) and (5) gives the likelihood
function for the AWGN channel. The noise vari-
ance o% should be replaced by o2 or o, depend-
ing on the channel state.

Joint Burst-Aware LDPC Decoding

To effectively mitigate the impact of bursty resid-
ual phase noise on LDPC decoding performance,
we propose the JBA-LDPC decoding scheme as
shown in Fig. 2(b). The proposed scheme con-
sists of two components, which are a two-state
Viterbi-based channel state estimation algorithm
and a burst-aware LLR calculation. The following
sections describe each component in detail.

Viterbi-Based Channel State Estimation

In the Viterbi-based channel state estimation algo-
rithm, two states in the trellis represent the G state
and the B state, respectively. Different branches in
the trellis represent transitions between states. For
example, the branch labeled (1) in Fig. 3 indicates
a transition from state S;_; = G to state 5; = G.
At time 4, the branch metric can be calculated as

BM; = p(Y;]S;) - P (SiSi-1), (6)

where Y; and S; are the received signal and the
channel state at time i, respectively. The term
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Fig. 3: Trellis of two-state Viterbi-based channel state
estimation algorithm

P (S;]S;—1) represents the state transition proba-
bility in the GE model. Since the transmitted signal
is unavailable, p (Y;|S;) can be calculated as

p(YilSi) =Y p(Yi|X,S;) - P(X). )
X

Burst-Aware LLR Calculation
To perform LDPC decoding of a received signal Y,
the LLR for each transmitted bit must be computed.
The burst-aware LLR can calculate as

> pY|X,S)P(X)
Xexpy

> p(Y]X,5)P(X)
Xexm

LLR,, (Y) = log . (8)

Here, 7" and A7 denote the sets of modulation
symbols where the m-th bit of X is 0 or 1, re-
spectively. Since a uniform prior P(X) = 1/M is
assumed, where M is the modulation order, P(X)
can therefore be omitted from (7) and (8) as it con-
tributes equally. The channel state information can
be obtained after the Viterbi-based channel state

Estimatedg
channel - EH Pl
state Ghreserereresd frrrneririee e HE -

Real B
channel
state G

1+

Residual
phase 0

noise (rad)

—_ =

11.6 1.65 1.7 1.75 1.8 1.85 1.9
Symbol index x10°
Fig. 4: Viterbi-based channel state estimation at SNR = 13dB
with 02, = 0.0003 and ¢ = 0.1218, and BLT-based likelihood
function.
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Fig. 5: Bit and packet error rates of different SNR are shown for a fixed aé = 0.0003 and 0123 = 0.1218. (a)BER performance
without interleaving; (b)PER performance without interleaving; (c)BER performance with interleaving; (d)PER performance with
interleaving.

estimation algorithm. In this way, the LDPC de-
coder receives LLRs that more accurately reflect
the channel conditions compared to those com-
puted without channel state information, thereby
enhancing robustness against bursty phase noise.

As a baseline when channel state information is
unavailable, the likelihood functions reduce from
p(Y]X,S) to p(Y|X) by replacing 0% with an ef-
fective noise variance o2; in (4) and (5). This
effective variance is the average of the noise vari-
ances in the G and B states, using their respective
steady-state probabilities as weights, and can be
expressed as

2

2 2
ocg =0GPo+op - Ps.

(9)

Simulation Setup and Results Analysis

Monte Carlo simulations were performed for LDPC-
coded 16-QAM transmission over a channel af-
fected by AWGN and bursty residual phase noise.
The LDPC code followed the IEEE 802.3ca stan-
dard, with a codeword length of 17664 bits and
14592 information bits!'®l. The total number of
information bits was 58368000, corresponding
to 114,000 packets, each packet consisting of
512 bits!'®l. The GE phase noise model was set
with transition probabilities Pog = 2 x 10~ and
Ppg = 2 x 1073, corresponding to an average
burst length of 500 symbols. In interleaved scenar-
ios, the depth of the interleaver was set to 1024,
which is significantly longer than the average burst
length, to mitigate the impact of burst errors.

Fig. 4 illustrates the effectiveness of the pro-
posed Viterbi-based channel state estimation. The
estimator effectively tracks most channel states,
with only very short bursts occasionally missed. Its
overall consistency with the actual state supports
reliable LLR calculation and LDPC decoding.

Fig. 5 shows the BER and PER performance as
a function of signal-to-noise ratio (SNR). Eight de-
coding schemes were compared, each defined by
a unique combination of three dimensions. First,
joint burst-aware decoding is either applied (JBA)
or not (noJBA). Second, LLRs are computed us-
ing either an LT-based (LT) or a BLT-based (BLT)
method. Third, interleaving is either employed
(Int) or omitted (nolnt). Overall, the JBA scheme
based on BLT consistently achieves the best per-
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Fig. 6: Bit and packet error rates versus o3 at fixed
SNR = 12dB and ¢Z = 0.0003.
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formance. JBA-BLT-nolInt achieves a 1.5-dB gain
over noJBA-BLT-nolnt, with the comparison made
at a BER of 4 x 10~3; similarly, JBA-BLT-Int pro-
vides a 0.5-dB improvement over noJBA-BLT-Int
under the same BER. In terms of PER, JBA-
BLT-Int outperforms noJBA-BLT-Int by 0.7 dB at
1% PER. Without interleaving, the other three
schemes, except the JBA-BLT-Int scheme, can-
not achieve 1% PER target.

Fig. 6 shows the BER and PER performance
of the best-performing noJBA and JBA decoding
schemes as a function of ¢3. JBA-BLT-Int con-
sistently achieves the lowest BER across all val-
ues of o, demonstrating superior robustness to
bursty phase noise. However, here a different
trend emerges for PER: when o3 < 0.17, JBA-BLT-
Int still performs best, but under more severe burst
conditions, JBA-BLT-nolInt performs best. This is
because a single bit error leads to a full packet
error, and interleaving spreads localized errors
across packets. A similar trend has been observed
under fixed o when varying o2.

Conclusion

We proposed a JBA-LDPC decoding scheme for
bursty residual phase noise channels, combining
Viterbi-based state estimation with burst-aware
LLR computation. Simulation results show that
the proposed scheme consistently outperforms
baseline methods in both BER and PER. Inter-
leaving may degrade performance under severe
conditions due to error dispersion, and PER is
more sensitive than BER. While phase noise is
used as the main example in this work, the pro-
posed method is general and can potentially be
extended to other types of bursty channel impair-
ments, such as fast polarization drift or nonlinear
crosstalk. Exploring these broader applications
will be an important direction for future work.
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