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Abstract

We propose an enhanced phased decoding scheme and the corresponding hardware archi-
tecture based on persistent S-min candidate tracking for high-rate low-density parity-check
(LDPC) codes of 50G passive optical networks (50G-PON). Conventional phased decod-
ing provides an efficient hardware architecture but cannot reuse updated compressed
check-to-variable messages (CCVMs) until the next decoding iteration, resulting in slower
decoding convergence. To overcome this limitation, the proposed decoder continuously
maintains and updates multiple minimum-value candidates across consecutive phases,
enabling newly updated reliability information to be reused without disrupting the regular
phased decoding schedule. A corresponding hardware architecture is developed while
preserving the fixed-structured wiring network, pipelined processing, and low-complexity
characteristics of the phased decoder. The proposed decoder is evaluated through bit error
rate (BER) and block error rate (BLER) simulations and implemented on an AMD Kintex
UltraScale+ FPGA to assess decoding throughput and hardware resource utilization. Eval-
uation results show that the proposed decoder reduces the number of clock cycles required
to achieve target BER and BLER, improving the throughput of a single decoder module by
21.47% at the cost of additional hardware resources compared with the conventional phased
decoder. A frequency-normalized comparison with existing FPGA-based layered decoders
further indicates a substantial throughput advantage even after accounting for differences
in operating frequency. These results demonstrate that the proposed decoder provides an
effective hardware solution for latency-sensitive high-speed 50G-PON receivers.

Keywords: 50G-PON; QC-LDPC; phased decoding; FPGA

1. Introduction
Passive optical networks (PONs) have continuously evolved to accommodate the

rapidly increasing demand for broadband access driven by cloud computing, ultra-high-
definition video streaming, mobile fronthaul, and emerging immersive multimedia ser-
vices [1]. To satisfy these requirements while maintaining the cost-effective point-to-
multipoint architecture of optical access networks, successive generations of PON standards
have steadily increased the transmission rate [2,3]. The ITU-T standardized 50-Gigabit pas-
sive optical networks (50G-PON) represent the current generation of high-speed optical
access systems [4,5], while even higher-capacity PON technologies are already under active
investigation [6].

As transmission rates increase, reliable data delivery becomes increasingly challenging
because high-speed optical links operate with reduced noise margins and stronger channel
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impairments. Consequently, forward error correction (FEC) has become an indispensable com-
ponent of modern optical communication systems [7–9], and the ITU-T adopted low-density
parity-check (LDPC) codes as the mandatory FEC scheme for 50G-PON [5]. Although LDPC
codes provide excellent error-correction capability and high bandwidth efficiency [10,11],
their encoding and iterative decoding require extensive computations, memory accesses,
and interconnection resources, making practical hardware implementation increasingly
challenging as code lengths and throughput requirements continue to grow [11–13]. With
the advent of quasi-cyclic (QC)-LDPC codes [14,15], whose parity-check matrices are
composed of circulant submatrices, LDPC codes have been widely adopted in practical
communication systems because their highly regular structure enables efficient hardware
implementation of both encoding and decoding.

To satisfy the high-throughput requirements, numerous LDPC decoding schedules
and hardware architectures have been proposed with different levels of message-generation
parallelism and hardware complexity [16–28]. Fully parallel decoders achieve extremely
high throughput but require prohibitively high amount of hardware resources and rout-
ing complexity [26,27]. Serial implementations substantially reduce hardware cost at the
expense of excessive decoding latency. Partially parallel architectures provide a practi-
cal compromise by reusing processing units while maintaining sufficient computational
parallelism. Layered decoding has become one of the most widely adopted decoding
schedules because updated reliability information is immediately propagated to subse-
quent layers, thereby improving decoding convergence [17–25]. However, the repeated
message exchanges among dynamically changing node pairs require complex routing
networks. Although layered decoding has also been employed in 50G-PON LDPC decoders
and demonstrated excellent decoding performance [29–32], its complex interconnection
network remains a major obstacle to efficient FPGA implementation.

To alleviate these implementation challenges, phased decoding was proposed as a
hardware-efficient decoding schedule specifically for QC-LDPC codes [33]. By partition-
ing the parity-check matrix into multiple column groups, phased decoding repeatedly
reuses the same processing units across decoding phases while preserving a high de-
gree of computational parallelism. Combined with a fixed-structured wiring network
exploiting the QC property of the parity-check matrix and a staggered pipelined execu-
tion schedule, phased decoding substantially reduces routing complexity and hardware
resources while maintaining high decoding throughput. Owing to these architectural ad-
vantages, three phased decoder modules implemented on a single FPGA were shown
to sustain the 50-Gbps throughput required by the 50G-PON standard [33]. Although
three decoder modules satisfy the aggregate throughput requirement, individual decoder
throughput remains important because it directly determines the decoding latency of each
received codeword.

Despite the architectural advantages, the decoding schedule of conventional phased
decoding exhibits an inherent limitation. During each decoding iteration, every check node
continuously updates only the first and second minimum message magnitudes together
with the accumulated sign information. However, the updated information generated
during phase processing is not reused until the next decoding iteration because the com-
pressed check-to-variable messages (CCVMs) remain fixed throughout the current iteration.
Consequently, newly updated reliability information cannot immediately contribute to
subsequent phase processing, slowing information propagation and limiting decoding
convergence. Therefore, although the aggregate throughput can be increased by replicating
multiple decoder modules, neither the throughput of an individual decoder module nor
the per-codeword decoding latency can be improved.
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To overcome this limitation, we propose an enhanced phased decoding scheme with
persistent S-min candidate tracking. The S-min scheme retains the S smallest VCM magni-
tudes in a candidate list, where S denotes the list size. A larger S reduces the possibility
of minimum-tracking errors but increases the complexity of candidate comparison and
sorting, making timing closure more challenging. Conversely, a smaller S reduces hard-
ware complexity but may degrade BER performance due to inaccurate minimum tracking.
Instead of reinitializing reliability information at every iteration boundary, the proposed
decoder continuously maintains and updates a limited number of minimum-value can-
didates across consecutive phases. The updated candidate information is subsequently
reused during later phases, enabling continuous propagation of updated reliability infor-
mation while preserving the regular phase-based processing schedule of the conventional
phased decoding. Based on the proposed decoding schedule, a corresponding hardware
architecture is also developed. It retains the fixed-structured wiring network, blockwise
cyclic shift operations, and staggered pipelined execution of the phased decoder while sup-
porting persistent candidate list management and continuous check-to-variable message
propagation. Consequently, the proposed decoder improves the throughput of a single
decoder module and reduces per-codeword decoding latency while preserving the regular
phase-based processing and fixed-structured interconnection of phased decoding.

The main contributions of this paper are summarized as follows. A phased decoding
schedule based on persistent S-min candidate tracking is proposed. The proposed schedule
enables continuously updated reliability information to be reused across consecutive
phases without candidate reinitialization at iteration boundaries. A modified decoder
architecture is developed to preserve the hardware-efficient characteristics of conventional
phased decoding, including fixed-structured wiring, blockwise cyclic shift operations, and
phase-based processing, while supporting persistent candidate list management. A seven-
stage staggered pipeline is designed in which updated CCVMs become reusable after a
fixed pipeline delay and are continuously reused without interrupting pipeline execution
across consecutive decoding iterations. FPGA implementation results demonstrate that the
proposed decoder improves the throughput of a single decoder module while reducing
per-codeword decoding latency at the cost of additional hardware resources, providing an
attractive design alternative for latency-sensitive high-speed optical receivers. Furthermore,
a frequency-normalized comparison with existing FPGA implementations based on layered
decoding indicates a substantial throughput advantage even after accounting for differences
in operating frequency.

The rest of this paper is organized as follows. Section 2 reviews the standardized
50G-PON QC-LDPC codes, the normalized min-sum algorithm, and conventional layered
and phased decoding schedules. Section 3 presents the proposed decoding algorithm
together with its hardware architecture. Section 4 evaluates the proposed decoder through
bit error rate (BER) and block error rate (BLER) simulations, clock-cycle analysis, FPGA
implementation, and hardware resource utilization comparison. Finally, Sections 5 and 6
present the discussion and conclusions, respectively.

2. Preliminaries
2.1. 50G-PON LDPC Codes and QC Structure of Parity-Check Matrix

50G-PON LDPC codes are generated to have various lengths and code rates by apply-
ing shortening and puncturing to the (N, K) = (17,664, 14,592) mother code with code rate
0.8261 [5]. The parity-check matrix H of 50G-PON LDPC mother codes has a dimension of
3072 × 17,664 and has a QC structure with a lifting size of Z = 256 [5,14,15,33]. The girth
of the corresponding Tanner graph is 6. The parity-check matrix H of the LDPC mother
code can be represented by a (12× 69) array of (256× 256) circulant base matrices, as
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illustrated in Figure 1. In this figure, white and colored blocks represent zero and nonzero
base matrices, respectively. Each nonzero base matrix is either an identity matrix or its
cyclically shifted version. LDPC codes are also represented by a factor graph composed of
variable nodes, check nodes and edges [11,34]. Each row and column of H corresponds to
each check node and variable node, respectively. The entry 1 at a certain row and column
in H indicates that the corresponding check node and variable node are connected by an
edge in the factor graph.

Figure 1. Structure of parity-check matrix H of 50G-PON LDPC codes.

2.2. Suboptimal Iterative Decoding

The 50G-PON modem adopts a hard decision LDPC decoder working with a photo
detector in the receiver [5]. The received LDPC codewords are demodulated as hard bits
and decoded iteratively by a message passing algorithm (MPA) [11]. Although a sum-
product algorithm is known as the optimal MPA, many practical LDPC decoders adopt
suboptimal MPAs to achieve high throughput at the cost of the degraded error correcting
performance. We consider a normalized min-sum algorithm (NMSA) as a suboptimal MPA
to compromise between decoding performance and implementation complexity [12,13,35].

Let vj and ci denote the j-th variable node and the i-th check node, respectively, where
1 ≤ j ≤ N and 1 ≤ i ≤ N − K. The set of indices i for check nodes connected to vj is
denoted by Cj, and the set of indices j for variable nodes connected to ci is denoted by Vi.
We call the message sent from variable node to check node as variable-to-check message
(VCM) and let L(qji) denote the VCM sent from vj to ci. Similarly, the message sent from
check node to variable node is referred to as check-to-variable message (CVM), and we let
L(rij) denote the CVM sent from ci to vj.

The demodulated binary symbols are input to the decoder and converted to channel
log-likelihood ratios (LLRs) to be used as the initial reliability information for iterative
decoding. We let Lc(vj) denote the channel LLR for the code bit corresponding to the
variable node vj, 1 ≤ j ≤ N. The VCM is updated in vj as

L(qji) = Lc(vj) + ∑
i′∈Cj\i

L(ri′ j), (1)

and sent to ci. The CVM is updated in ci as

L(rij) = γ

 ∏
j′∈Vi\j

sign
(

L(qj′i)
) min

j′∈Vi\j

∣∣∣L(qj′i)
∣∣∣, (2)

and sent to vj, where γ is the normalization factor. It is known from (2) that the check node
requires two types of information: the accumulated sign of the incoming VCMs and the
minimum magnitude of incoming VCMs excluding the one sent from the target variable node.

In the LDPC decoder hardware, updates of VCM and CVM are conducted in variable
node units (VNUs) and check node units (CNUs), respectively. As shown in (2), the CVM
transferred to a certain variable node vj is computed by using VCMs sent from connected
variable nodes except the target node vj. For this purpose, each check node stores the
minimum and the second minimum magnitudes of incoming VCMs as well as the product
of sign bits (+1/− 1) of all incoming VCMs in the form of a compressed CVM (CCVM).
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The CCVM stored in each CNU is, then, used by connected VNUs to generate VCMs in
the next iteration. For a certain VNU, if the magnitude of VCM obtained in the previous
iteration corresponds to the minimum magnitude stored in CCVM, the second minimum
magnitude is used to compute VCM in the current iteration by (2). Otherwise, the minimum
magnitude stored in CCVM is used to compute VCM.

2.3. Layered Decoding

Layered decoding is a partially parallel decoding schedule utilizing a QC nature of
the parity-check matrix H [17]. A row layer and a column layer are defined as an array
of base matrix blocks in the horizontal direction and in the vertical direction, respec-
tively. Row layered decoding, hereafter referred to simply as layered decoding unless
otherwise specified, has been widely adopted in practical LDPC decoders and is briefly
described below. By defining a posteriori probability (APP) of the variable node vj as
L(Qj) = Lc(vj) + ∑i′∈Cj

L(ri′ j), we rewrite (1) as L(qji) = L(Qj) − L(rij). Let i1 and i2
denote the row indices of H in the first layer and the second layer, respectively, with
i1, i2 ∈ Cj. Consider the first layer operation with a given APP, L(Qj), and the CVM,
Lold(ri1 j), for all j obtained in the previous decoding iteration. The VCM is computed by
L(qji1) = L(Qj)− Lold(ri1 j) for all j, which are used to obtain the new CVM, Lnew(ri1 j),
by (2). Then, the APP is updated by L(Qj) = L(qji1) + Lnew(ri1 j) and passed to the second
layer. This procedure repeats over layers across multiple iterations. It has been reported
that layered decoding shows a faster convergence speed and thus achieves a target BER by
a lower number of iterations than the fully parallel decoding [17–19].

While row layered decoding propagates updated APP values across successive layers,
column layered decoding propagates an updated list of minimum VCM candidates across
successive layers [17,20]. In column layered decoding, each layer determines CCVMs based
on the candidate list without initialization at the beginning of iteration and passes them to
the next layer, which differs from conventional decoding schedule using a fixed CCVM
during one iteration. If the candidate list contains only the first and the second minimum
magnitudes of VCMs, it is possible that CCVM obtained over two consecutive decoding
iterations may contain VCMs generated by an identical variable node, which results in the
malfunction of decoding. The easiest way to avoid this problem is to define the candidate
list by magnitudes of all VCMs. But this requires a tremendously high amount of resources,
which is not feasible in a practical implementation. Thus, the candidate list should be kept
as small as possible without causing significant performance degradation.

2.4. Phased Decoding

Phased decoding is a partially parallel decoding schedule designed to achieve an
effective tradeoff between decoding throughput and hardware resource utilization [33].
Instead of updating all VCMs simultaneously in a fully parallel manner, the columns of
parity-check matrix H, or variable nodes, are divided into T groups, and only one group is
processed at a time, where each group has T′ = N/T columns or variable nodes. A phase
is defined as the time period while a group of columns are processed and row operations
follow, and one decoding iteration is completed by T phases. During each phase, VNUs
update the VCMs associated with the corresponding column group, and CNUs update the
lists of the first and the second minimum magnitudes and the accumulated sign product of
VCMs. In this sense, phased decoding is considered to adopt the mechanism of column
layered decoding. After all T phases are completed, the finally updated lists are defined as
CCVMs and delivered to VNUs to be used in the next decoding iteration. Note that entries
of lists are initialized at the beginning of every decoding iteration.
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By selecting an appropriate number of phases T, phased decoding provides a flexible
level of parallelism. When T = 1, the decoder becomes a fully parallel architecture with
the maximum throughput but resulting in high hardware complexity. Increasing T allows
computation units to be reused across multiple phases, significantly reducing the number
of VNUs and associated hardware resources. The regular processing schedule facilitates
efficient pipelining and serves as the basis for the fixed wiring network. Based on the
QC nature of the parity-check matrix H, phased decoding can connect different pairs of
VNUs and CNUs through the fixed wiring network with the aid of blockwise cyclic shift
registers. This feature is different from conventional decoder schemes using barrel shifters
[16,36] to control connecting wires between VNUs and CNUs, and significantly reduces
the hardware complexity.

Kwon et al. [33] proposed to use T = 32 with a blockwise cyclic shift for columns of H
so that each CNU needs only two input ports, reducing the complexity of LDPC decoder
hardware. With T = 32, one phase can be implemented in a 5-stage pipelined structure,
where the first 3 stages are used for VNU and the next 2 stages are used for CNU. By
performing multiple phases in a staggered manner with a timing offset of a duration for a
stage, we can complete one decoding iteration by T + 4 cycles. Then, one decoding iteration
is completed by 36 cycles.

These architectural features make phased decoding particularly attractive for FPGA
implementation. Although phased decoding provides a highly regular and hardware-
efficient architecture, its candidate lists are initialized at every iteration boundary, and
the CCVMs accumulated during the current iteration cannot be reused until the next
iteration. Therefore, a practical extension of phased decoding should preserve its fixed
wiring networks and pipelined processing while enabling continuously updated reliability
information to be reused without storing all incoming VCMs.

3. Phased Decoding with Persistent S-Min Tracking
Motivated by the limitation of conventional column layered decoding and phased

decoding discussed in Sections 2.3 and 2.4, the proposed decoding scheme maintains
a limited number of the S smallest VCM magnitudes across consecutive phases. The
retained list of S minimum VCM magnitudes is continuously updated and reused as
phases progress.

3.1. Proposed Decoding Procedure

Let S denote the number of VCM magnitudes stored in the candidate list at each phase.
For each check node ci, we define two S-dimensional lists B(i) andM(i). The entries of B(i)
are the S smallest magnitudes of VCM generated in variable nodes vj, j ∈ Vi, and entries
ofM(i) are corresponding variable node indices j stored to prevent duplicated entries
originating from the same variable node, as discussed in Section 2.3. We call {B(i),M(i)}
the candidate list for the check node ci. Let 1S denote the S-dimensional all-one vector.
The overall procedure of the proposed phased decoding with persistent S-min tracking is
summarized in Algorithm 1. The proposed decoding mechanism begins with an initialized
list B(i) = Γ× 1S, where Γ is set to the maximum representable VCM magnitude, which
is 7 in our implementation. The updates of VCMs and CVMs follow NMSA defined in (1)
and (2), respectively. We let B(i)1 and B(i)2 denote the first entry and the second entry of
B(i), respectively, meaning the minimum and the second minimum magnitude of VCM
generated in the variable nodes j ∈ Vi.

Increasing the candidate list size generally improves decoding performance at the cost
of additional hardware resources. The best decoding performance is achieved when the
magnitudes of all incoming VCMs together with their indices are stored. To alleviate the

https://doi.org/10.3390/photonics13100932

https://doi.org/10.3390/photonics13100932


Photonics 2026, 13, 932 7 of 23

excessive resource requirements, an appropriate candidate list size, S, should be selected
as the minimum value resulting in no significant performance degradation. Whenever a
new VCM is generated in the variable node vj, the corresponding index j is first compared
with entries of M(i). If j ∈ M(i), the VCM magnitude stored in B(i) corresponding to
the index j is replaced by the new value, after which the entries of B(i) are re-sorted in an
ascending order. Otherwise, the magnitude of the new VCM is compared with the entries
in the existing magnitude list, and only the resulting S smallest values are retained in B(i).
Consequently, the candidate list is continuously updated across consecutive phases without
reinitialization, enabling updated reliability information to propagate throughout decoding
while maintaining a fixed list size of S. Then, the CCVM is formed as the triplet of B(i)1, B(i)2

and the accumulated sign product of VCMs, denoted by sb(i). The resulting CCVM has the
same structure as in the original phased decoder and is sent to the VNUs for VCM generation.

Algorithm 1 Phased Decoding with Persistent S-Min Tracking.

1: Initialization:
2: Define list size S, maximum representable VCM magnitude Γ, phase number T and

iteration number NI
3: Initialize B(i)← Γ× 1S,M(i)← −1× 1S and sb(i)← 1 for all i
4: Compute Lc(vj), initialize αji ← sign(Lc(vj)) and β ji ← |Lc(vj)| for all j and i ∈ Cj
5: Initialize CNT← 1
6: while CNT ≤ NI do
7: for t = 1 to T do
8: for all 1 ≤ n ≤ T′ do
9: j′ = (n− 1)T + t

10: for all i ∈ Cj′ do
11: if β j′i = B(i)1 then
12: L(rij′)← γ · sb(i) · αj′i · B(i)2
13: else
14: L(rij′)← γ · sb(i) · αj′i · B(i)1
15: end if
16: end for
17: L(Qj′)← Lc(vj′) + ∑i∈Cj′

L(rij′)

18: for all i ∈ Cj′ do
19: L(qj′i)← L(Qj′)− L(rij′)

20: αn
j′i ← sign(L(qj′i)) and βn

j′i ← |L(qj′i)|
21: sb(i)← sb(i) · αj′i · αn

j′i
22: αj′i ← αn

j′i and β j′i ← βn
j′i

23: if j′ ∈ M(i) then
24: Replace β j′i stored in B(i) by βn

j′i
25: Sort entries of B(i), and updateM(i) accordingly
26: else
27: Compare βn

j′i with entries of B(i), and retain the S smallest ones
28: UpdateM(i) accordingly
29: end if
30: end for
31: end for
32: end for
33: CNT← CNT +1
34: end while

3.2. Proposed Decoder Architecture

The architecture of the proposed decoder is developed by modifying the original
phased decoder while preserving its hardware-efficient characteristics including the fixed
wiring network, blockwise cyclic shift operations among CNUs, and the phase-based pro-
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cessing schedule, as shown in Figure 2. Since the proposed decoding procedure described
in Section 3.1 is fully compatible with the original phased decoding framework, the overall
datapath and interconnection network remain unchanged while the structure of CNUs and
the transfer of CCVMs to VNUs are modified.

Figure 2. Overall architecture of the proposed phased decoder with persistent S-min tracking.

The proposed decoder consists of three major functional blocks: the VNU, the CNU,
and the fixed wiring network. The VNU generates VCMs using the channel LLRs and the
CCVMs obtained in the previous phase. The generated VCMs are transferred to CNUs
through the fixed wiring network, where the QC structure of the parity-check matrix
enables message routing between VNUs and CNUs over fixed wiring networks, although
different pairs of VNUs and CNUs need to be connected at different phases. Unlike the
original phased decoder, in which CCVMs obtained in the previous iteration are stored and
repeatedly used for all phases in the current iteration, the proposed decoder utilizes the
newly updated CCVMs at every phase. Thus, CCVMs do not need to be stored in blockwise
shift registers before they are input to VNUs as in the original phased decoder. Instead,
CCVMs obtained in CNUs are directly input to VNUs, where correct routing for CCVM
delivery is guaranteed by using blockwise cyclic shift operations among CNUs illustrated
in the right part of Figure 2.

Following the phased decoding schedule, the parity-check matrix is partitioned into
T column groups and one phase is processed at a time. For the 50G-PON LDPC codes
with T = 32, each CNU receives at most two VCMs at each phase. Consequently, the CNU
requires only two input ports regardless of the check-node degree, substantially reducing
the hardware complexity compared with conventional column layered decoders. Since
only one phase is active at any time, hardware resources are efficiently reused throughout
all phases, resulting in a compact decoder architecture.
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Different from the original phased decoder, whose CNU stores only the first and
second minimum VCM magnitudes, the proposed decoder maintains an S-min candidate
list in each CNU. The persistent candidate lists increase both the complexity of comparison
logic and the number of registers in each CNU, resulting in additional LUT and FF utiliza-
tion. Since the proposed decoding procedure is realized by modifying the fundamental
hardware framework of phased decoding, the proposed decoder inherits the scalability
and implementation efficiency of the phased decoder while supporting the continuous
propagation of updated reliability information through the modified CNU architecture.

In the VNU, the delivered CCVMs are first recovered into the corresponding CVMs.
The recovered CVMs are accumulated with the channel LLR to obtain the APP. A VCM is
then generated by subtracting the CVM associated with the target check node from the APP.
Thus, the VNU can be implemented using a three-stage pipeline, as shown in Figure 3.

Figure 3. Three-stage pipelined structure of VNU.

Before the CNU starts a process for a new phase, several preparatory operations
are performed in the preceding phase. The indices of the variable nodes generating the
VCMs that will arrive at each check node in the next phase are determined in advance.
These indices correspond to the column indices of the parity-check matrix H and are
uniquely determined by the phase index and the CNU input port index. If these indices
coincide with any entry ofM(i), the corresponding entry of B(i) is replaced by the pre-
determined maximum value and the candidate list is sorted, after which an updated
candidate list {B(i),M(i)} is ready for use. Then, the CNU enters a new phase by receiving
the magnitudes and signs of two incoming VCMs. The two VCMs are compared with the
candidate-list entries one by one, while the list is updated to retain its size of S. Then,
the preprocessing for the subsequent CNU in the next phase is conducted as explained
above. The above CNU operations can be implemented in a four-stage pipelined structure
as shown in Figure 4. Note that the candidate tracking logic in the CNU is intentionally
divided into two separate pipeline stages (Stage 6 for index comparison and Stage 7 for
replacement and sorting) to break the long combinational path and achieve the high target
operating frequency. In lower-frequency implementations, these two stages can be merged
into a single stage to reduce the pipeline depth. The updated candidate list in each CNU
is passed to the neighboring CNU in a blockwise cyclic manner, enabling dynamically
matched VNUs and CNUs to exchange VCMs and CVMs according to the phase index.
One phase is completed by executing the combined VNU and CNU pipeline sequentially,
resulting in a total depth of seven pipeline stages.
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Figure 4. Four-stage pipelined structure of the proposed CNU implementing persistent S-min candi-
date list management.

3.3. Staggered Pipelined Structure for Continuous CCVM Update and Reuse

The proposed decoder inherits the staggered pipelined execution of the original
phased decoder while fundamentally changing the manner in which CCVMs are updated
and reused. In the phased decoder architecture, a new decoding phase enters the pipeline
every clock cycle, allowing multiple phases to be processed simultaneously at different
pipeline stages with a timing offset corresponding to a clock cycle. This staggered execution
maximizes hardware utilization by continuously reusing the same VNU and CNU resources
throughout all decoding phases.

Figure 5 illustrates the timing relationship of the proposed decoder. Each pipeline
consists of three VNU stages followed by four CNU stages, as introduced in Section 3.2. At
the beginning of each phase, the VNU generates VCMs using the most recently available
CCVMs. The updated CCVMs are generated after the VCMs pass through the three VNU
stages and the first two CNU stages. Consequently, the updated CCVMs generated in
phase t are not available at the beginning of the immediately following phase. Instead, they
become available after a four-stage pipeline delay and are first reused in phase t + 5, as
illustrated in Figure 5. Without the pipeline delay, the updated CCVMs would be available
in phase t + 1.

An important characteristic of the proposed decoder is that the read-update-write
process is repeated for every phase, regardless of the decoding iteration. Consequently,
the iteration boundary simply represents the completion of one full sweep over all phases
and does not introduce any interruption to the pipeline operation. As a result, CCVM
is continuously refined and propagated throughout the entire decoding process. Since
the decoder operates without pipeline flushing or candidate list reinitialization between
consecutive iterations, the pipeline remains fully occupied after the initial filling period.
This continuous operation improves pipeline utilization, accelerates the propagation of
updated decoding information, and ultimately increases the throughput of a single decoder
module while preserving the regular hardware structure and fixed wiring network of the
original phased decoder.
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Figure 5. Timing diagram illustrating continuous CCVM update and reuse across consecutive decod-
ing iterations without pipeline flushing.

4. Performance Evaluation
To evaluate the effectiveness of the proposed decoder, BER and BLER simulations,

throughput analysis, and FPGA implementation are performed. The BER and BLER simu-
lations are first conducted to investigate the intrinsic behavior of the proposed decoding
algorithm, followed by hardware-aware simulations incorporating the staggered pipeline
structure described in Section 3. Both the algorithm-level and hardware-aware BER and
BLER results are obtained through software simulations. FPGA implementation is finally
performed to evaluate the achievable operating frequency and hardware resource utiliza-
tion, from which the decoding throughput is calculated based on the required number of
clock cycles.

All simulations employ (17,280, 14,592) 50G-PON QC-LDPC codes specified in ITU-T
G.9804.3 standard [5] adopting the NMSA-based decoding. The parity-check matrix H is
partitioned into 32 phases (T = 32), and the blockwise cyclic shift is applied to columns of
H to make each CNU receive at most two incoming VCMs. Based on extensive fixed-point
simulations, we choose the normalization factor of NMSA in (2) as γ = 0.75 and apply
4-bit quantization to all LLR messages, i.e., channel LLRs, VCMs and CVMs, to obtain
the low BER over a wide range of input BER. Note that among 4 quantized bits, one bit
is assigned to the sign and three bits are used for representing a magnitude in an integer
form. The demodulated hard bits of 0 and 1 are mapped to channel LLRs of +4 and −4,
respectively. The VCMs generated in the VNU are saturated to the range [−7, 7]. In the
CNU, the VCM magnitude selected through the minimum search is converted into an
integer CVM magnitude such that 0, 1, 2, 3, 4, 5, 6, and 7 are mapped to 0, 1, 1, 2, 3, 4, 5, and
6, respectively [33]. This conversion provides an integer approximation of the normalization
operation with γ = 0.75. It follows that the bit-width of CCVM is 7 bits because CCVM
contains the first and the second minimum magnitudes with the accumulated sign product.
The index of VCM is represented by 6 bits because the column index of H can be represented
by a combination of phase index and CNU input port index, where 32 phases and 2 input
ports can be expressed by 5 bits and 1 bit, respectively. Therefore, each entry of candidate
magnitude list, B(i), and the candidate index list, M(i), are represented by 3 bits and
6 bits, respectively.
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The BER and BLER performances of the proposed decoder are evaluated for various
candidate list sizes, S = 2, 3, 4, 5 and Smax, where S = Smax corresponds to the ideal case in
which all incoming VCMs are preserved in the candidate list. The BER and BLER results
obtained with S = Smax serve as reference performances for evaluating the effects of a
limited candidate list size. Practical candidate list sizes are subsequently selected by jointly
considering decoding performance and hardware implementation complexity.

All BER and BLER results were obtained directly through Monte Carlo simulations
without estimation or extrapolation. For each simulation condition, random information
blocks were generated and encoded, channel errors were introduced, and the resulting
blocks were iteratively decoded. The BER and BLER were then calculated by directly count-
ing the resulting numbers of bit and block error events, respectively. At each input BER, a
sufficiently large number of information blocks was simulated to collect a sufficient number
of error events. In particular, for very low BERs on the order of 10−12, the simulations were
performed over a sufficient number of blocks to observe approximately 10 bit errors, while
substantially more error events were observed at higher BERs.

4.1. BER and BLER Performances at the Algorithm Level

We first investigate the intrinsic error correction capability of the proposed decoding
algorithm without considering the hardware-related timing effects such as a pipeline delay
introduced in Section 3.3. Thus, the CCVMs updated at a certain phase are assumed to be
immediately available for the next phase operation. Figure 6 shows BER performances of
the conventional phased decoding and the proposed decoding with different sizes S of
candidate list. The proposed decoding consistently outperforms the conventional phased
decoding when S ≥ 3 because updated reliability information is continuously preserved
and reused across consecutive phases. Interestingly, the proposed decoding with S = 2
performs worse than the conventional phased decoding, suggesting that retaining only two
candidates may lead to premature loss of useful reliability information during continuous
phase-by-phase updates. As observed in Figure 6, increasing candidate list size gradually
improves the BER performance. The proposed decoding with S = Smax provides the best
performance because all incoming VCMs updated at each phase are preserved in the
candidate list without discarding any reliability information. However, the performance
improvement gradually saturates as S increases, indicating that most of the decoding
gain can be obtained by preserving only a limited number of minimum-value candidates.
Based on this observation, we identify S = 3, 4, 5 as promising sizes of candidate list and
further evaluate the corresponding performances under practical hardware constraints in
the following subsection.

(a) BER versus decoding iterations at an input BER of 0.01

Figure 6. Cont.

https://doi.org/10.3390/photonics13100932

https://doi.org/10.3390/photonics13100932


Photonics 2026, 13, 932 13 of 23

(b) BER versus input BER after 8 decoding iterations

Figure 6. Algorithm-level BER performance of the proposed decoder with different candidate list
sizes S.

Figure 7 shows the BLER performance of the conventional phased decoder and the
proposed decoder with different candidate list sizes S. The BLER results exhibit trends
similar to those observed in the BER simulations.

(c) BLER versus decoding iterations at an input BER of 0.01

(d) BLER versus input BER after 8 decoding iterations

Figure 7. Algorithm-level BLER performance of the proposed decoder with different candidate list
sizes S.
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4.2. BER and BLER Performances with Hardware Pipeline Effects

In order to achieve a high decoding throughput, a pipeline structure is employed in
the hardware implementation of the proposed decoder. Consequently, unlike the algorithm-
level evaluation, updated CCVMs become available after the pipeline delay introduced by
the staggered execution schedule described in Section 3.3. Accordingly, hardware-aware
software simulations are performed by incorporating the complete pipeline structure into
the decoder model.

Unlike the algorithm-level evaluation, the practical selection of the candidate list size
S must consider not only decoding performance but also the implementation complexity
and timing constraints of the target hardware. As S increases, the candidate management
logic becomes more complex, potentially increasing the required pipeline depth at a high
operating frequency. For the target implementation considered in this work, the manage-
ment of candidate list with S = 3 and S = 4 can be accommodated within the four-stage
CNU pipeline as described in Section 3.2, whereas S = 5 reduces the available timing
margin and may require an additional pipeline stage to meet the target operating frequency.
Accordingly, S = 3 and S = 4 seem appropriate values in the decoder hardware and are
used in the subsequent hardware-aware evaluations.

Figure 8 presents the BER and BLER performances obtained by 9 and 10 iterations of
the proposed decoder with S = 3 and S = 4 considering the pipeline delay. As expected,
the pipeline delay degrades decoding convergence compared with the algorithm-level eval-
uations given in Figures 6b and 7b. Nevertheless, the proposed decoder still outperforms
the conventional phased decoder. It is observed that the proposed decoder with S = 3 and
S = 4 achieves nearly the same and lower BER, respectively, after 10 decoding iterations
compared with the BER of conventional phased decoder after 11 iterations. A similar trend
is observed in the BLER performance. This result demonstrates that continuously reusing
updated CCVMs effectively accelerates information propagation across consecutive phases,
allowing the same decoding performance to be achieved with fewer decoding iterations.
At an input BER of 0.007, the proposed decoder with S = 3 and NI = 10 was evaluated
using 130 million information blocks. Since each information block contains 14,592 infor-
mation bits, this corresponds to approximately 1.9× 1012 tested information bits. Nine bit
errors and nine block errors were observed, resulting in a BER and BLER of approximately
4.74× 10−12 and 6.92× 10−8, respectively. Similarly, for S = 4 and NI = 10, 5× 107 informa-
tion blocks, corresponding to approximately 7.3× 1011 information bits, were simulated at
an input BER of 0.0077. Twelve bit errors and twelve block errors were observed, resulting
in a BER and BLER of approximately 1.64× 10−11 and 2.4× 10−7, respectively.

(a) BER

Figure 8. Cont.
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(b) BLER

Figure 8. Hardware-aware BER and BLER performances incorporating the proposed
pipelined architecture.

Since each decoding iteration requires a fixed number of clock cycles, reducing the
required iteration count directly translates into a higher decoding throughput, which is
further quantified in the following subsection.

4.3. BER and BLER Performances Versus Clock Cycles

To evaluate decoding latency and throughput at target BER and BLER, we compare
the clock cycle counts required by each decoder. A decoder requiring fewer clock cycles to
achieve the target BER and BLER provides lower decoding latency and higher decoding
throughput. The clock cycle counts are obtained from the hardware architectures described
in Sections 2 and 3.

First, we consider the conventional phased decoder as a reference. As introduced
in Section 2.4, one phase is composed of 5 stages, where one iteration is completed by
T = 32 phases. The pipeline needs to be flushed at the end of every iteration, so that we
require 32 + 5− 1 = 36 stages to complete one decoding iteration. Supposing each stage is
processed within one clock cycle, the number of clock cycles required by NI iterations of
the conventional phased decoder is 36NI .

Next, we consider the layered decoder. Since each layer is defined by 256 rows of the
parity-check matrix H, one decoding iteration is completed by updating all 12 layers. For a
throughput-favorable comparison, we assume that all 256 CNUs within each layer operate
fully in parallel. The VNU operation requires three pipeline stages, as in other decoders
under comparison. Since each row in H of 50G-PON LDPC codes has a weight of 22 or
23 [5], identifying the first and second minimum VCM magnitudes requires a comparison-
tree depth of at least ⌈log2 22⌉ = 5 stages. We therefore assign five pipeline stages to
the CNU, corresponding to the minimum comparison depth. Under these deliberately
optimistic assumptions, processing one layer requires eight clock cycles, and the resulting
best-case cycle count for NI decoding iterations is 12(3 + 5)NI = 96NI . Note that the clock-
cycle count required by the layered decoder in the following comparison represents an
optimistic best-case estimate under maximum hardware parallelism. Finally, we consider
the proposed phased decoder with persistent S-min tracking. As introduced in Section 3.3,
the pipeline does not need to be flushed at the end of every iteration. Considering 3 stages
for VNU and 4 stages for CNU, the number of clock cycles required by NI iterations of the
proposed decoder is 32NI + 3 + 4− 1 = 32NI + 6.

Figure 9 shows the BER performance as a function of the number of clock cycles
obtained by the proposed decoder with S = 3, 4 and other decoders under comparison. It
is observed that the proposed decoder requires fewer clock cycles to achieve a target BER
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than the conventional phased decoder and the layered decoder. For the proposed decoder,
the number of clock cycles required to achieve a target BER can be reduced by using a
larger candidate list size S, at the cost of higher implementation complexity. The advantage
becomes particularly evident in the low BER region, where the proposed decoders reach a
target BER with substantially fewer clock cycles than the reference decoders. These results
confirm that the faster convergence provided by persistent candidate tracking directly
translates into lower decoding latency and higher decoding throughput, even after the
actual pipeline delay is taken into account. The same interpretation applies to the BLER
results presented in Figure 10.

(c) Input BER = 0.007

(d) Input BER = 0.01

Figure 9. BER versus the number of clock cycles for the layered decoder, conventional phased decoder,
and the proposed decoder with S = 3 and S = 4 including the four-stage pipeline delay.
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(a) Input BER = 0.007

(b) Input BER = 0.01

Figure 10. BLER versus the number of clock cycles for the layered decoder, conventional phased
decoder, and the proposed decoder with S = 3 and S = 4 including the four-stage pipeline delay.

4.4. FPGA Implementation Results

To verify the practical hardware efficiency of the proposed decoder, FPGA imple-
mentation is performed using a target device, AMD Kintex UltraScale+ XCKU19P FPGA
operating at 388.8 MHz. Table 1 summarizes the hardware resource utilization of a single
decoding module implemented in the proposed decoder architecture, together with that of
the conventional phased decoder for comparison.

The proposed decoder with S = 3 uses approximately 2.5 times as many LUTs and
3.5 times as many FFs as the conventional phased decoder, whereas the proposed decoder
with S = 4 uses approximately 3.7 times as many LUTs and 4.2 times as many FFs. The
increase in LUT utilization mainly results from the additional comparison and sorting logic
required for persistent candidate tracking, whereas the increase in FF utilization originates
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from storing multiple candidate magnitudes together with their associated indices in each
CNU. The proposed decoders with S = 3 and S = 4 achieve comparable BER performance,
as observed in Figures 8 and 9. However, the amount of hardware resources required for
the decoders with S = 3 and S = 4 differs notably as shown in Table 1. Therefore, S = 3
provides the most practical trade-off between BER performance and hardware resource
utilization for the target FPGA implementation.

Table 1. Hardware resource utilization of the conventional and proposed phased decoders.

Resource Conventional
Phased Decoder

Proposed Decoder
with S = 3

Proposed Decoder
with S = 4

LUT 143,261 359,837 531,869
FF 161,716 572,352 686,016

We compare the overall performance of the proposed decoder using S = 3 with exist-
ing 50G-PON LDPC decoder implementations as shown in Table 2. For a fair comparison
with the conventional phased decoder, the number of decoding iterations is determined
according to the BER simulation results at an input BER of 0.007. Under this condition,
the conventional phased decoder requires 11 decoding iterations to achieve a BER below
approximately 10−11, whereas the proposed decoder with S = 3 achieves comparable BER
performance using only 10 decoding iterations. These decoding conditions are directly
applied to the FPGA implementation, i.e., NI = 11 for the conventional phased decoder
and NI = 10 for the proposed decoder. The decoding throughput is computed by

η =
fCLK

Creq(NI)
N, (3)

where fCLK is the operating frequency of FPGA, Creq(NI) is the number of clock cycles cor-
responding to NI decoding iterations, and N is the LDPC codeword length. The throughput
values reported in Table 2 are calculated using (3) with the operating frequencies obtained
from FPGA implementation. It is observed that the proposed decoder improves the decod-
ing throughput by 21.47% compared with the conventional phased decoder.

Table 2. Comparison of LDPC Decoder Implementations.

Parameter Proposed [33] [31] [32]

Code Family 50G-PON 50G-PON 50G-PON 50G-PON

Mother Code Length 17,664 17,664 17,664 17,664

Mother Code Rate 57/69 57/69 57/69 57/69

Decoding Algorithm NMSA NMSA NMSA NMSA

Decoding Schedule Proposed Decoding Phased Decoding Layered Decoding Layered Decoding

Number of Iterations 10 11 12 12

FPGA Family AMD Kintex UltraScale+ AMD Kintex UltraScale+ AMD Virtex-7 AMD Virtex UltraScale

FPGA Part Name XCKU19P XCKU19P XC7VX485T XCVU125

LUT Utilization 359,837 143,261 144,086 537,504

FF Utilization 572,352 161,716 76,012 675,854

Operating Frequency
(MHz) 388.8 388.8 100 75

Throughput (Gbps) 20.608 16.965 1.235 1.2

Normalized Throughput
(Gbps) at 388.8 MHz 20.608 16.965 4.80 6.22

For the proposed decoder and [33], the throughput and LUT/FF utilizations correspond to a single
decoder module. Normalized throughput is estimated by assuming linear scaling of throughput with
operating frequency.
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The proposed decoder also achieves substantially higher decoding throughput than the
layered decoders implemented in [31,32]. Since [31,32] operate at lower clock frequencies of
100 MHz and 75 MHz, respectively, their throughput values are additionally normalized to
the 388.8 MHz operating frequency by assuming linear scaling with clock frequency. Under
this favorable assumption for the layered decoders, the normalized throughputs of [31,32]
are approximately 4.80 Gbps and 6.22 Gbps, respectively, which remain substantially
lower than the 20.608 Gbps achieved by the proposed decoder. In practice, achieving
such a high operating frequency would impose more stringent timing constraints on
these implementations. Therefore, the frequency-normalized comparison indicates that the
throughput advantage of the proposed decoder cannot be attributed solely to its higher
operating frequency.

Compared with the conventional phased decoder, the implementation results demon-
strate that the proposed decoder achieves higher throughput at the cost of additional hardware
resources. Although additional logic is required to support persistent candidate tracking, the
reduced number of decoding iterations shortens the decoding latency and increases the
throughput of a single decoder module. Consequently, the proposed architecture achieves ap-
proximately 21.5% higher throughput than the conventional phased decoder while preserving
the regular phase-based decoding framework and fixed-structured interconnection network.
The FPGA implementation results confirm that the proposed decoder successfully converts
the algorithmic convergence gain into practical throughput improvement.

For a comparison with the layered decoder reported in [37], the decoding throughput
is evaluated in terms of codeword length N and the number of decoding iterations NI

using a common operating frequency of 388.8 MHz. The decoder of [37] requires 270 clock
cycles per layer and processes 12 layers per iteration, resulting in 3240 clock cycles per
iteration. Accordingly, its frequency-normalized decoding throughput is expressed as
388.8× 106N/3240NI = 0.12N/NI Mbps. The throughput of the proposed decoder can be
expressed as 388.8N/(32NI + 6) Mbps. Thus, under the same normalized conditions, the
proposed decoder achieves substantially higher decoding throughput than the decoder
reported in [37].

5. Discussion
The proposed decoder extends the conventional phased decoding framework by

continuously maintaining and updating a limited candidate list across consecutive phases.
Unlike the conventional phased decoder, which reinitializes CCVMs at every iteration
boundary, the proposed decoder allows CCVMs to be updated at every phase and reused
without interrupting the decoding process. This continuous reuse of updated reliability
information improves decoding convergence and reduces the number of decoding iterations
required to achieve a target BER.

The decoding performance gradually improves as the candidate list size increases,
while the associated hardware complexity also increases. Although a larger candidate list
preserves more reliability information, the performance improvement becomes marginal
beyond a certain list size. For the target FPGA implementation considered in this work,
candidate list sizes of S = 3 and S = 4 can be accommodated within the four-stage
CNU pipeline, whereas S = 5 may require additional pipeline stages to satisfy the tar-
get operating frequency. Considering both the hardware-aware BER performance and
resource utilization, S = 3 provides a practical trade-off between decoding performance
and implementation complexity.

The increased resource utilization of the proposed decoder is largely associated with
the additional storage and comparison logic required for candidate indices. The conven-
tional phased decoder avoids variable-node index storage through direct comparison of

https://doi.org/10.3390/photonics13100932

https://doi.org/10.3390/photonics13100932


Photonics 2026, 13, 932 20 of 23

VCM magnitudes. In contrast, persistent candidate tracking requires each retained magni-
tude to be associated with its originating variable-node index in order to prevent duplicated
or stale candidate entries. Consequently, the proposed decoder introduces index-related
storage and comparison logic. Therefore, the proposed decoder provides a design trade-off
in which additional hardware resources are used to improve decoding convergence, decod-
ing latency, and the throughput of a single decoder module while preserving the regular
phase-based decoding framework.

The clock-cycle analysis further illustrates how the improved decoding convergence
translates into practical hardware benefits. Faster convergence reduces the number of
iterations, and consequently the number of clock cycles, required to achieve a given BER.
The FPGA implementation confirms that this reduction results in a higher throughput
for a single decoder module, although additional LUTs and FFs are required to support
persistent candidate tracking.

The present implementation focuses on the standardized 50G-PON QC-LDPC codes
and is designed for the relatively high target operating frequency of 388.8 MHz. Different
LDPC code structures, operating frequencies, or hardware constraints may lead to different
design choices for the candidate list size and pipeline organization. In particular, at a lower
target operating frequency, the VNU and CNU operations could potentially be implemented
with fewer pipeline stages. The resulting reduction in pipeline delay would allow updated
CCVMs to propagate more rapidly across consecutive phases, which may further improve
decoding convergence and reduce the required number of iterations. Detailed optimization
for different operating frequencies is beyond the scope of this work, but extending the
proposed approach to other QC-LDPC applications and investigating alternative hardware
configurations would be worthwhile directions for future work.

6. Conclusions
We proposed a phased decoder with persistent S-min candidate tracking for 50G-

PON QC-LDPC codes. The proposed decoding schedule continuously maintains a limited
candidate list across consecutive decoding phases, allowing updated reliability information
to be reused without interrupting the regular phased decoding process. A corresponding
hardware architecture was developed while preserving the fixed wiring network and
phased processing framework of the conventional phased decoder.

BER and BLER simulations showed that the proposed decoder reduces the number of
decoding iterations required to achieve target error rates compared with the conventional
phased decoder. Hardware-aware simulations further demonstrated that the convergence
advantage is maintained even after considering the practical pipeline delay. FPGA imple-
mentation results indicated that the proposed decoder improves the throughput of a single
decoder module by approximately 21.5% while requiring additional hardware resources
for persistent candidate tracking. The frequency-normalized comparison with existing
layered decoder implementations also indicates that the throughput advantage is not solely
attributable to the higher operating frequency.

Overall, the presented results suggest that persistent S-min candidate tracking pro-
vides a practical extension of phased decoding for high-speed FPGA implementations of
50G-PON LDPC decoders. The proposed architecture offers an additional design option for
applications where decoding latency and throughput are important design considerations.
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Abbreviations
The following abbreviations are used in this manuscript:

PON Passive optical networks
LDPC Low-density parity-check
VNU Variable node unit
CNU Check node unit
VCM Variable-to-check message
CVM Check-to-variable message
CCVM Compressed check-to-variable message
QC Quasi-cyclic
MPA Message passing algorithm
NMSA Normalized min-sum algorithm
APP A posteriori probability
LLR Log-likelihood ratio
BER Bit error rate
BLER Block error rate
LUT Look-up-table
FF Flip-flop
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