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ABSTRACT

This paper proposes an early-stopping algorithm applied to the design of a Min-Sum decoder
for NB-LDPC (32,16) codes on FPGA. The decoder is implemented in SystemVerilog for NB-
LDPC codes over GF(16) and evaluated on AWGN channels with performance metrics including
bit error rate (BER), frame error rate (FER), average iteration count, and decoding latency. The
early-stopping algorithm is integrated into the loop control block to terminate the decoding
process as soon as convergence is achieved, thus reducing the average number of decoding
iterations from 18 to 7.44 at £/ Vy = 6 dB. Implementation results show that the average decoding
latency is reduced to 134.4 ns, corresponding to BER = 5.31 x 107 and FER = 0.12, consistent
with reference MATLAB simulations. These results demonstrate that implementing NB-LDPC
coding and decoding algorithms on FPGA, combined with an appropriate early-stopping
mechanism, can significantly reduce hardware processing time, enabling real-time
communication applications.
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1. INTRODUCTION

Recent FPGA-oriented LDPC/NB-LDPC studies show a clear trend toward balancing
algorithmic simplification and implementation efficiency. In addition to foundational NB-LDPC
works, more recent hardware papers emphasize trellis-based Min-Max simplification, architecture-
level pruning, and implementation-aware decoding strategies on modern FPGA/SoC platforms.
This manuscript is updated to explicitly position the proposed early-stopping Min-Sum decoder
within that recent landscape [5-11].

Low-density parity-check (LDPC) codes were proposed by Gallager in 1962 [1]. However, for
a long time, these codes were not widely adopted due to high computational complexity from
iterative decoding and significant hardware implementation costs. With advances in FPGA
technology and digital design tools, variants of LDPC codes, particularly NB-LDPC codes, have
become increasingly feasible for high-reliability, low-latency communication systems.

For NB-LDPC codes, hardware implementation is more challenging than binary LDPC codes
due to arithmetic operations performed over finite fields GF(q), larger message exchange volume,
and more complex check-node updates. Nevertheless, NB-LDPC codes offer superior error
correction performance at short and medium block lengths, making them particularly suitable for
real-time processing applications. Therefore, research on FPGA implementation of NB-LDPC
decoders is meaningful for both theoretical and practical perspectives [2, 4, 6, 7].

In iterative decoders, the average latency depends directly on the number of iterations executed.
If the decoder always runs to the maximum number of iterations, the processing latency will be
unnecessarily large, especially at medium and high SNR regions where many frames converge
early. Thus, proposing and integrating a rational early-stopping algorithm is necessary to reduce
latency while maintaining decoding performance [7, 10].
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This paper focuses on implementing a Min-Sum decoder for NB-LDPC (32,16) codes on FPGA
and proposes an early-stopping algorithm to reduce the average number of decoding iterations.
The main contributions include: description of NB-LDPC codes and Min-Sum decoding
principles, proposal of early-stopping conditions suitable for hardware architecture, and
performance evaluation on AWGN channels with comparison between cases with and without
early-stopping.

The remainder of this paper is organized as follows. Section 2 presents the theoretical basis of
NB-LDPC codes, the Min-Sum decoding process, and the proposed early-stopping criterion with
analytical discussion. Section 3 describes the hardware-oriented implementation flow for NB-
LDPC encoding/decoding with the early-stopping mechanism. Section 4 reports the simulation
procedure, validation methodology, and experimental results. The final section concludes the
paper and outlines future work.

2. NB-LDPC CODES AND MIN-SUM DECODING ALGORITHM

2.1. NB-LDPC code model (32,16)

Let #Z € GF(¢)#*/be the parity-check matrix of an NB-LDPC code over GF(g) where g = 27,
In this design, we use ¢= 16 (i.e., 772=4), and the code parameters are:

N=32, K=16, M=N-K =16 (D)
with code rate
K

Each code symbol belongs to GF(16) and is represented by 4 bits. Therefore, the message frame
length is 64 bits and the codeword length is 128 bits. The parity-check condition is:

Hc™ =0, 3)
where all operations are performed over GF(16).
2.2. Sparse representation of parity-check matrix

Instead of storing the full matrix /Zin dense form, the decoder only stores the positions of non-
zero elements and their coefficients on each edge of the Tanner graph. This representation reduces
memory requirements and aligns with row-wise processing in the check-node update block. If
M) is the set of variable nodes connected to check node 77, then:

hpmn #0eS neN(m), |[Nm)|=d,, 4)
where N(m) denotes the set of variable nodes connected to check node m in the prototype
considered in this paper.

2.3. Min-Sum decoding algorithm for NB-LDPC
For BPSK transmission over AWGN channels, the received signal is:
Yk = Xp + 1, &)
where y_n is the received channel sample and n is the symbol index.

From the received signal, the decoder generates initial symbol reliability values Z,{ @) for each
symbol @ € GF(16) at position 7.

In each iteration, messages from variable nodes to check nodes are updated according to:
Orom@ =La(@+ > Ry (@), ®)
m'eM(n)\m
where M(n) is the set of check nodes adjacent to variable node n. Then, the hard decision is made:

Cn = arg max Qn(a),
a € GF(16) )
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At the check node, the Min-Sum algorithm approximates the message update problem by
reducing complexity compared to full probabilistic propagation. For edge (m, n), the outgoing
message Rm—n(a) is computed under the constraint of the parity-check equation at the check
node. This approximation follows the well-known low-complexity belief-propagation family in
the log domain [2, 4, 6].

In hardware implementation, this process is optimized using sparse storage structures, finite
field lookup tables, and row-wise computation organization of matrix /.

2.4. Clarification of Min-Sum approximation

The exact sum-product rule at a check node requires log-sum-exp operations over multiple
symbol configurations, which is expensive in hardware. Min-Sum replaces this operation with a
minimum (or maximum in reliability form), significantly reducing arithmetic complexity [4, 6]. In
practical terms, the check-node update can be interpreted as selecting the most reliable configuration
that satisfies the parity constraint, rather than accumulating all possible configurations.

To compensate for approximation bias, practical implementations use normalized and offset
Min-Sum corrections [3, 4, 6]. In generic reliability-domain form:

RNS(@) = aRMS (), 0<a<l. (8)
ROMS, (@) = max(RNS,,(a) - £,0), f20. ©)

In this work, we adopt the Min-Sum principle as the baseline because it offers a favorable trade-
off between decoding performance and hardware cost for short NB-LDPC codes. This choice is
consistent with prior non-binary reduced-complexity decoder studies [4, 6, 11].

Figure 1 summarizes the theoretical iteration flow of the Min-Sum decoder used in this paper,
from channel reliability initialization to the convergence/maximume-iteration stopping condition.

Implementation configuration clarification: the RTL decoder uses Min-Sum as the baseline
reliability update rule. For reproducibility, this manuscript explicitly declares the finite-field
initialization polynomial p(x) = x4 + x + 1 for GF(16). In the baseline setting, no additional
normalization or offset correction is enabled (equivalent to alpha = 1 and beta = 0).

3. MIN-SUM ALGORITHM IMPLEMENTATION ON FPGA
AND EARLY-STOPPING MECHANISM

3.1. Min-Sum algorithm implementation on FPGA

In the proposed architecture, the Min-Sum decoder is organized following an iterative cycle
with three main functional blocks: check-node update, variable-node update, and hard decision.
Data flow is controlled by a central finite state machine (FSM) with states for input data loading,
decoding iteration, convergence checking, and result output.

To align with FPGA implementation, the design applies the following principles:

¢ Store non-zero elements of the parity-check matrix sparsely to reduce memory and avoid
redundant accesses.

¢ Organize data by symbol domain to reduce message access in each iteration.
e Use lookup tables for GF(16) operations to minimize combinational logic cost.

e Separate control path and data path for timing closure and easy extension of early-stopping
functionality. Under the current measurement setup, the average latency model per frame is:

T(n) =60 + 10n ns (10)
(within the Vivado 2020.1 evaluation scope at 100 MHz test clock, i.e., 10 ns cycle).

This model forms the basis for quantifying the effect of the early-stopping mechanism in
subsequent sections.
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Figure 1. Algorithm flowchart of the proposed NB-LDPC decoder.
3.2. Early-stopping algorithm proposal

In conventional designs, the decoder stops when either convergence is achieved or the
maximum iteration count /. is reached. However, during decoding, when error floor phenomena
appear, increasing the iteration count provides no further benefit. Information does not change,
which signals the condition to stop decoding.

This approach conserves hardware resources and reduces decoding time without affecting
decoding quality.

Based on this theoretical foundation, we propose an extended stopping condition:
stop = syndrome ok V hard stable 2iter
V (FAST EN A 7> Zuin A hard_stable liter) (11)
V (/= /max), with /max = 18 and zmin = 6.
Selection of imin = 6: this threshold is obtained from an empirical sweep over the target SNR
operating range to prevent false early termination in the initial oscillatory phase of iterative

decoding. We emphasize that imin is code-dependent; for different code length/rate pairs, imin
should be re-calibrated using BER/FER-constrained sweep and error-floor verification.

From a technical perspective, this mechanism employs three layers of protection to prevent
incorrect stopping:

Layer 1 — Valid syndrome: If syndrome equals zero, stop immediately. This is the strongest
convergence condition.

Layer 2 — 2-iteration stability: Across the entire SNR range, if hard decisions remain the same
over two consecutive iterations, allow stopping.

Layer 3 — Conditional acceleration: Only when 7> 4yin is the 1-iteration stability criterion
enabled to reduce latency.

By enforcing threshold Znin, the algorithm avoids premature stopping during the initial
oscillating phase of the iterative process. This is the key point that maintains BER/FER quality
while significantly reducing average iteration count.
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Algorithm 1 Early-Stopping Rule for Min-Sum NB-LDPC Decoder

Require: Current iteration index Z /max, Zmin, flag syndrome_ok, hard decision stability flags
: if syndrome ok = 1 then

Stop and latch Zip= 7

: else if hard stable 2iter =1 then

Stop and latch Zip= 7

:else if FAST EN =1 and /> /i, and hard_stable liter =1 then
Stop and latch Zip= 7

: else if /= /max then

Forced stop (max iterations reached)

: else

0:  Continue to next iteration

— O 00 1O\ N AW

The stopping decision rule within each iteration is executed according to the priority order
shown in Algorithm 1. If 7z, denotes the actual stopping iteration count for one frame, the number
of saved iterations compared to non-early-stopping mode is:

A/= /nax — nstop. (12)
With each iteration latency modeled as 10 ns, the reduction in latency is approximately:
A7= 10A/ns. (13)
At measurement point £/ M= 6 dB, 7zop.ave = 7.44, therefore:
Alavg =18 — 7.44 = 10.56, (14)

and the corresponding average latency reduction is approximately 105.6 ns. This is a substantial
improvement that directly reflects the technical value of the proposed early-stopping mechanism.

3.3. Hardware implementation of the early-stopping mechanism

The early-stopping algorithm is directly inserted into the loop control path of the decoder and
is implemented using combinational logic plus state registers. At the hardware level, the early-
stopping block uses the following main signals:

e / current loop counter.

e syndrome ok: convergence flag from syndrome check.

e hard same 1: flag indicating hard decision of current iteration matches previous iteration.

e hard same 2: flag indicating hard decisions are identical over two consecutive iterations.

e FAST EN: configuration bit enabling early-stopping acceleration mode.

The control block operates in the following cycle: message update — hard decision —
syndrome/stability check — stopping decision or loop continuation. If the stopping condition is
met at the end of iteration / the signal stop_reg is activated and register Z.p is latched immediately
in that clock cycle:

Ziwp<— / when stop reg=1. (15)

The FSM then transitions from the ITERATE state to DONE. Latching before state transition
helps eliminate “off-by-one” measurement errors common in sequential counting in iterative designs.

To prevent incorrect stopping at low SNR, the early-stopping block applies two reliability
protection mechanisms:

e Allow l-iteration stability criterion only when /> Znin.
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Figure 2. Top-level organization of the Min-Sum NB-LDPC decoder on FPGA.

The hardware cost of the early-stopping mechanism includes comparators for hard decisions,
several 1-bit state flags, and one latch register for Zp. Since these do not lie on the main Min-Sum
data computation path, this logic has minimal impact on critical timing but provides significant
latency benefits. Furthermore, as the number of executed iterations decreases, switching activity
in the data block also decreases correspondingly, creating potential for dynamic power reduction.

Table 1. Synthesis results: Resource utilization and timing.

Resource Used Available Util.
LUT 20,219 274,080 7.4
FF 7,583 548,160 1.4
BRAMI8K 12 1,824 0.66
DSP48E 7 2,520 0.28

This figure illustrates the BER/FER performance curves of the NB-LDPC (32,16) decoder over
on an AWGN channel. By applying Fast Early Stop and Min-Sum techniques, the model's
performance was evaluated through decoding 20,000 symbols, yielding the presented results.
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Figure 3. Semilog performance plot of the measured RTL decoder. The 8.0 dB point is an
empirical upper bound derived from a zero-error run over 20,000 frames.
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4. IMPLEMENTATION RESULTS AND COMPARISON
WITH NON-EARLY-STOPPING CASE

4.1. Implementation environment and synthesis results

Environment clarification: implementation is performed on Xilinx Zynq UltraScale+ xczu9eg-
ftvb1156-2-e using Vivado 2020.1. Clock 250 MHz is used as the synthesis target constraint, while
reported latency in Tables/Figures is measured under the 100 MHz evaluation clock profile used
in the decoder performance sweep.

The decoder is implemented in SystemVerilog and synthesized for a Xilinx Zynq UltraScale+
xczu9egftvb1156-2-e¢ device. Target frequency is 250 MHz. Synthesis and timing results are
summarized in Table 1.

Estimated clock period is 3.5 ns, corresponding to a timing slack of +0.5 ns relative to the 4
ns constraint.

This demonstrates that the proposed architecture is suitable for implementation on the target
FPGA device.

4.2. Significance evaluation of early-stopping algorithm

To evaluate the impact of the early-stopping algorithm, we compare the case with early-
stopping against the case without early-stopping, where the decoder always executes 18 iterations.
For the non-early-stopping case with latency model 7ir= 60 + 18 x 10 = 240 ns, the reference
throughput is approximately 533.3 Mbps.

Results show that at £,/ /= 6 dB, the early-stopping algorithm reduces the average iteration
count by 58.7%, while increasing throughput by 78.6% compared to non-early-stopping. At higher
SNR regions, this benefit is even more pronounced since many frames converge after only a few
iterations. This demonstrates that early-stopping not only reduces latency but also improves
hardware resource utilization efficiency during decoding.

To clarify the technical significance of this comparison, besides the percentage indices in Table
3, we employ additional absolute metrics:

A/abs = /max — /avg, (16)

A7abs = 7tef — 7avg, 17

ST =L, (18)
Tavg

where A/Zuysis the absolute iteration savings, A 7 is the absolute latency reduction, and .S77is the
speedup factor based on latency.

At the operating point £/ M = 6 dB:

Alws= 18 — 7.44 = 10.56 iterations, (19)
A7ips=240 — 134.4 = 105.6 s, (20)
Ss7=222— 1.786. 1)

134.4

At high SNR of 8.0 dB:

Alws= 18 —2.95 = 15.05 iterations, (22)
AZps=240 — 89.5 = 150.5 ns, (23)
S7=220_ 682. (24)

89.5

These results demonstrate that the early-stopping mechanism not only improves relative
performance metrics (%) but also creates substantial absolute reductions in iteration count and
latency, especially at medium-tohigh SNR regions. This is direct quantitative evidence of the core
technical contribution of this paper.
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4.3. Hardware overhead analysis of ES logic

To address the concern on hard stable liter/hard stable 2iter hardware cost, we added a
dedicated synthesis pass for the isolated ES-stability block on xczu9eg-ffvb1156-2-¢ (Vivado
2020.1). The isolated block includes two 4-bit history buffers (hard out prev, hard out prev2)
and full-frame comparison logic.

Measured isolated ES block resource (post-synthesis): LUT = 123, FF = 256. Full decoder
implementation resource (Table 1): LUT = 20,219, FF = 7,583. Using additive approximation for
first-order overhead estimation, ES logic contributes about 0.61% LUT and 3.38% FF relative to
full design. This confirms low hardware overhead compared to latency/throughput gains from
early stopping.

Approximate two-version comparison (same device/flow): without ES control logic ~= (20,219
- 123) LUT and (7,583 - 256) FF; with ES control logic =20,219 LUT and 7,583 FF. We label this
as an engineering estimate because full no-ES top-level synthesis in this branch requires additional
loop-structure refactoring for direct convergence in Vivado synthesis.

4.4. Comparison with recent NB-LDPC FPGA implementations

The manuscript now includes comparison context against recent publications: (i) trellis Min-
Max architecture optimization for NB-LDPC (IEEE TCAS-II, 2023), (ii) real-time CCSDS
decoder integration on FPGA-based RISC-V SoCs (IEEE TAES, 2023), and (iii) area-efficient
column-wise trellis Min-Max architecture (IEEE JSSC, 2025). This work is differentiated by
combining short-length GF(16) decoder implementation with practical early-stopping control and
explicit BER/FER-latency-throughput coupling under fixed implementation flow [6, 7, 11].

Result-oriented comparison with the cited literature: works in [4] and [5] emphasize high-
throughput decoder design via simplified check-node processing and implementation-friendly
HLS/FPGA mapping; [6] and [11] focus on trellis Min-Max architectural efficiency (including
area-oriented optimization); and [7] demonstrates system-level real-time integration on FPGA-
based RISC-V SoCs. In contrast, this manuscript reports a complete joint metric set (BER/FER,
average iteration, latency, throughput, and ES-control overhead) for an NB-LDPC GF(16) short-
length decoder, with explicit early-stopping gain quantification under a fixed Vivado evaluation
flow. Because code parameters, field size, and platform constraints differ across studies, the
comparison is treated as directional rather than strictly one-to-one.

5. CONCLUSIONS

Challenges and future directions: extending from GF(16) short-code regime to larger NB-
LDPC profiles (e.g., longer block lengths and higher check-node degree) will require careful
memory-bandwidth management, deeper pipelining of check-node processing, and power-aware
early-stopping calibration to avoid error-floor degradation at high SNR. Future work will include
full baseline/no-ES implementation closure under identical synthesis constraints, wider state-of-
the-art benchmarking, and hardware-in-the-loop validation on target communication scenarios.
These efforts will ultimately ensure robust, highly efficient, and low-latency decoding for next-
generation wireless systems.

This paper presents the implementation of a Min-Sum decoder for NB-LDPC (32,16) codes on
FPGA and proposes an early-stopping algorithm to reduce the average number of decoding
iterations. Experimental results show that at E/No= 6 dB, the average iteration count is reduced
from 18 to 7.44, resulting in average decoding latency reduction to 134.4 ns while maintaining
BER = 5.31 x 107 and FER = 0.12. Comparison with the non-early-stopping case demonstrates
that the proposed mechanism provides significant improvements in latency, throughput, and
hardware implementation efficiency.
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TOM TAT

Pé xuit thuit toin dirng sém cho hi¢n thue FPGA
cia b giai ma Min-Sum danh cho ma NB-LDPC

Bai bdo dé xudt thudt todn dirng sém dp dung cho thiét ké bé giai ma Min-Sum ciia ma
NB-LDPC (32,16) trén FPGA. B¢ giai md dwoc hién thuc bang SystemVerilog cho mi NB-
LDPC trén GF(16) va dwoc danh gid trén kénh AWGN véi cdc tham sé gom ty 1é 16i bit
(BER), ty 1¢ 16 khung (FER), s6 vong ldp trung binh va d¢ tré gidi ma. Thudt todn dieng
sém duoe tich hop vao khoi diéu khién vong lap dé két thiic qud trinh giai ma ngay khi héi
tu, nho dé gidam sé vong Idp trung binh tir 18 xuong 7.44 tai Eb/NO = 6 dB. Két qua hién
thuee cho thay dé tré gidi md trung binh giam con 134.4 ns, twong vmg BER ~ 5.31 x 10-3
va FER = 0.12, phit hop véi mé phong tham chiéu MATLAB. Cdc két qua nay cho thdy viéc
hién thuc thudt toan ma hoa/giai ma NB-LDPC trén FPGA, két hop voi co ché dirng som
phii hop, ¢6 thé rit ngan dang ké thoi gian xir 1y phan ciing, qua d6 hé tro cdc iing dung
truyén thong thoi gian thue.

T khoa: NB-LDPC; Min-Sum; Thuat toan dung sém; FPGA; SystemVerilog; Thong luong; Do tré.
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