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Abstract—Ultra-reliable low latency communication (URLLC)
is a key part of 5G wireless systems. Achieving low latency
necessitates codes with short blocklengths for which polar
codes with successive cancellation list (SCL) decoding typically
outperform message-passing (MP)-based decoding of low-density
parity-check (LDPC) codes. However, SCL decoders are known
to exhibit high latency and poor area efficiency. In this paper, we
propose a new short-blocklength multi-rate binary LDPC code
that outperforms the 5G-LDPC code for the same blocklength
and is suitable for URLLC applications using fully parallel
MP. To demonstrate our code’s efficacy, we present a 0.44 mm2

GlobalFoundries 22FDX LDPC decoder ASIC which supports
three rates and achieves the lowest-in-class decoding latency of
14 ns while reaching an information throughput of 9 Gb/s at 62 pJ/b
energy efficiency for a rate-1/2 code with 128-bit blocklength.

I. INTRODUCTION

Fifth-generation (5G) wireless systems include ultra-reliable
low-latency communication (URLLC) [1] to support appli-
cations in industry automation, autonomous driving, and
telemedicine. Achieving low latency requires codes with short
blocklengths for which polar codes with successive cancellation
list (SCL) decoding are suitable candidates [2]. However,
SCL decoding is highly sequential, which results in decoder
implementations that achieve long latency and rather poor area
efficiency [3], [4]. In contrast, low-density parity-check (LDPC)
codes [5] are adopted in virtually all modern communication
systems because message-passing (MP)-based decoders achieve
high throughput and excellent area- and energy-efficiency while
delivering near capacity performance in the long blocklength
regime [6]. However, MP-based LDPC decoders typically do
not perform well with short-blocklength codes, and despite their
potential use for URLLC applications, little is known about
short-blocklength LDPC codes that achieve low error rates
with MP-based decoding and corresponding high-throughput,
low-latency hardware implementations.

A. Contributions

We propose a novel short-blocklength binary quasi-cyclic
(QC) LDPC code [7] that supports three rates. Our code
is optimized to achieve good error-correcting performance
with MP-based decoding, which enables efficient hardware
implementations that achieve low latency. To demonstrate our
code’s effectiveness, we propose an ASIC implementation of
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Fig. 1: Base graph of the proposed short-blocklength binary quasi-cyclic LDPC
code with lifting factor Z = 8. Each square represents a cyclically shifted 8×8
identity matrix with the shift amount indicated by the corresponding color. The
entire matrix is used for blocklengths of 288 coded bits; for blocklengths 224
and 160 coded bits, we remove the first 8 and 16 block columns, respectively.

a flooding-schedule MP-based decoder that processes each
decoding iteration in a fully parallel fashion. To improve error-
rate performance, we employ machine-learning-optimized edge-
adaptive normalized min-sum (ANMS) check-node updates [8];
to improve energy efficiency, we utilize early termination (ET);
and to improve throughput without sacrificing latency, we use
pipeline interleaving [9, Sec. 3.7.6] to process two independent
codewords simultaneously. Our decoder has been fabricated in
GlobalFoundries’ 22FDX technology, occupies an area of only
0.44 mm2, and measurements reveal information throughputs
of 9, 16 and 22Gb/s at record latencies of 13.78, 16.06, and
17.52 ns for code rates 1/2, 2/3, and 3/4, respectively.

B. Relevant Prior Work

The literature describes numerous LDPC decoder designs,
which mostly target long blocklengths. Reference [10] provides
place-and-route results for a fully parallel LDPC decoder
supporting a blocklength of 2048 bits, which unrolls all
iterations to achieve extremely high throughput. Reference [11]
targets the same blocklength and achieves state-of-the-art area
and energy efficiency at the expense of reduced throughput
with a partially parallel decoder architecture. However, only
little is known about decoders targeting short LDPC codes,
with the exception of [12], [13]. Similar to [12], [13], our
decoder is rate-configurable, and similar to [12], we use early
termination (ET) to save power and pipeline interleaving to
improve throughput. In contrast to [12], [13], we propose a
novel LDPC code of even shorter blocklength and a decoder
ASIC that achieves the lowest latency reported in the literature.
In addition, our decoder achieves excellent area efficiency and
error rate performance and is, thus, suitable for URLLC.

Polar codes and corresponding SCL decoders are known
to perform well with short blocklengths. In contrast to the
state-of-the-art polar decoder implementations from [3], [4], we
implement a hardware-friendly LDPC decoder, achieving orders



of magnitude lower latency. Furthermore, our decoder produces
soft outputs on the coded bits, which is useful for hybrid
automatic repeat request or iterative detection and decoding.

Specifically for URLLC applications, there exists the re-
cently proposed block orthogonal sparse superposition (BOSS)
decoder [14]; this decoder achieves low throughput and is
area inefficient. In comparison to all of the discussed state-
of-the-art designs, our decoder achieves the shortest decoding
latency while reaching the highest throughput among all designs
targeting short blocklengths; see Sec. V for a comparison.

II. LDPC DECODING

We consider forward error correction with binary block codes,
where b ∈ {0, 1}k is the information bit vector of length k to
be transmitted and c = Gb ∈ {0, 1}n the resulting codeword
of length n. Here, G is the generator matrix, typically derived
from the parity-check (PC) matrix H for which every codeword
satisfies Hc = 0. Instead of transmitting c, one often transmits
c′ ∈ {0, 1}n′

with n′ ≤ n by puncturing (removing) a fixed
set of bits from c that will later be retrieved by the decoder.
With puncturing, the code rate is given by R = k/n′.

The coded and punctured bits c′ are mapped to the symbol
sequence x and transmitted over a channel. The receiver
then obtains y = h(x), where h models the channel. At the
receiver, the entries yi of y are used to compute the a-posteriori
likelihood of each bit ci, from the codeword c, described by
the log-likelihood ratio (LLR) ℓi = log

(
P(ci=−1|yi)
P(ci=+1|yi)

)
; the LLR

values associated with the punctured bits are set to zero.
In what follows, we focus on LDPC codes [5], [6], which can

be represented as a bipartite graph consisting of variable nodes
(VNs) associated with the LLR values, and check nodes (CNs)
associated with the parity checks (corresponding to the rows
of H). LDPC codes can be decoded using MP [6] by iteratively
propagating beliefs along the edges of the bipartite graph in
an iterative fashion. We implement the flooding MP schedule,
which alternates between updating the messages associated
with all CNs and all VNs, together with the edge-adaptive
normalized min-sum approximation (NMS) [15]

ℓ
(
cj =

⊕
k∈N(i)\j

ck
)
≈ αij ×

∏
k∈N(i)\j

sign ℓk × min
k∈N(i)\j

|ℓk| . (1)

Here, N(i) is the set of the VNs connected to the i th CN
and αij is a predefined scaling factor associated with the edge
connecting the i th CN and the VN associated to cj . The scaling
factors are obtained off-line through machine learning training
as introduced in [8], with additional fine-tuning utilizing SNR
deweighting and a BLER loss function as proposed in [16].1

We terminate the decoding process either if a maximum number
of iterations Imax is reached or if a valid codeword is found.

III. CUSTOM SHORT-BLOCKLENGTH QC-LDPC CODE

To achieve low error rates with MP-based decoding, we pro-
pose a custom short-blocklength binary quasi-cyclic (QC) [7]
LDPC code derived from the family of rate-compatible

1As in [8], we optimize one set of trainable CN-to-VN edge-weights for
the scaling parameters αij that are shared among all MP iterations.

protograph-based AR4A codes [17]. The parity-check matrix
of the rate 3/4 code is represented by the protograph

Hproto =

[
0 0 0 0 2 0 2 0 0
3 1 3 1 0 1 3 2 0
1 3 1 3 0 3 1 0 2

]
, (2)

where each entry represents the constraints on connectivity of
the variable nodes and check nodes. For example, the variable
nodes in the first column would only be connected to three
check nodes in the middle row and a single check node in the
last row. Code construction consists of two stages: In the first
stage, each entry in the protograph matrix Hproto is expanded
(lifted) by a lifting factor Z = 4 with the progressive edge
growth (PEG) algorithm [18]. At this stage, the matrix is
not QC, but has increased girth for improved MP decoding
performance. In the second stage, the PEG expanded PC matrix
is lifted by Z = 8 with the approximate cycle extrinsic (ACE)
message degree algorithm [19], by setting dACE = 3 and
ηACE = 13; this ensures that length 2×dACE cycles have an ACE
message degree of 13. The larger the ACE message degree, the
better a cycle is connected to the rest of the graph. The resulting
PC matrix consists of cyclically shifted identity matrices of size
Z = 8 (cf. Fig. 1). Combining the PEG and ACE algorithms
is known to achieve near Shannon performance [17].

Our proposed code is depicted in Fig. 1 and supports three
different code lengths for three different rates: R = 1/2, R =
2/3, and R = 3/4. To adjust the code rate (and length), the
columns of the PC matrix H are progressively removed. For
R = 3/4, the entire PC matrix H is used; for R = 2/3 and R =
1/2, the first 64 and 128 columns are removed, respectively.
In this code, we puncture the information bits [1 :32], [65 :96],
and [129 : 160] for rates R = 1/2, R = 2/3, and R = 3/4,
respectively. This procedure leads to the code lengths (k, n′) =
(64, 128), (k, n′) = (128, 192), and (k, n′) = (192, 256), for
rates R = 1/2, R = 2/3, and R = 3/4, respectively.

To demonstrate the efficacy of our short-blocklength LDPC
(SB-LDPC) code, we simulate a memoryless, real-valued,
AWGN channel with binary phase-shift keying. Fig. 2 evaluates
the block error rate (BLER) of the proposed SB-LDPC
code with ANMS decoding for rates 1/2, 2/3, and 3/4. We
compare the BLER of our decoding method applied to our SB-
LDPC code with the theoretical bound called refined normal
approximation (NA) [20], the 5G LDPC code decoded with
the sum-product MP algorithm (SPA), and the 5G polar codes
with SC and SCL decoding. For every LDPC decoder, we use
the flooding scheduling with Imax = 10 iterations; for polar
SCL, we use a list size 8. Fig. 2 reveals that for all three rates,
our code and decoding scheme exhibit a loss of approximately
1.5 dB relative to the refined NA bound and 0.5 dB from 5G
polar codes with SCL decoding. Depending on the rate, we
achieve a 0.3 to 0.5 dB gain over 5G LDPC codes with SPA
decoding and a 0.75 to 1.25 dB gain over 5G polar codes
with SC decoding.Fig. 2 also demonstrates that our fixed-point
hardware design exhibits virtually no BLER loss.

IV. VLSI ARCHITECTURE

A. Architecture Overview
To achieve high throughput at low latency, we implement the

flooding schedule in a fully parallel fashion per MP iteration.



0 1 2 3 4 5 610−4

10−3

10−2

10−1

100

SNR [dB]

B
L

E
R

SB-LDPC, float
SB-LDPC, ASIC
5G LDPC-SPA
5G Polar-SCL
5G Polar-SC
refined NA bound

(a) R = 1/2, n = 160, n′ = 128

2 3 4 5 6 7 810−4

10−3

10−2

10−1

100

SNR [dB]

B
L

E
R

SB-LDPC, float
SB-LDPC, ASIC
5G LDPC-SPA
5G Polar-SCL
5G Polar-SC
refined NA bound

(b) R = 2/3, n = 224, n′ = 192
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(c) R = 3/4, n = 288, n′ = 256

Fig. 2: BLER comparison at a fixed blocklength and rate of the proposed short blocklength (SB) LDPC code using the update rule in (1) with the 5G LDPC
code using the SPA update rule with the same number of decoding iterations Imax = 10, and with 5G polar codes with SC and SCL decoding using list size 8.
Our SB-LDPC code is 1.5 dB away from the refined NA bound and outperforms the 5G LDPC code by 0.3− 0.5 dB at 0.1% BLER for all three rates.
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Fig. 3: Architecture of the proposed SB-LDPC decoder. The input/output LLR
memories contains two sets of LLR values associated to two independent
codewords. In this example, VNn contains three PUs as it connects to three
CNs (CN1, CN2, and CNm); each PU contains two pipeline registers, which
enable us to process two codewords at the same time. The ET block triggers
pipeline register freezing in case a valid codeword is found.

The left side of Fig. 3 provides an architecture overview. Our
decoder consists of N = 288 VN blocks (one for each code
bit of the longest blocklength) and M = 96 CN blocks. VN
processing and CN processing together carry out NMS [15]
MP as in (1). To improve throughput, we deploy pipeline
interleaving [9, Sec. 3.7.6] with pipeline registers in the VN-
blocks; this allows simultaneous processing of two independent
codewords while shortening the critical path. To improve
energy efficiency, we utilize ET, which dynamically freezes
the appropriate pipeline stages to suppress switching activity.

B. Architecture Details

The right side of Fig. 3 provides the architecture details.
Each VN block contains a multi-operand adder and processing
units (PUs). Each PU is responsible for one of the VN-CN
connections of the VN block (determined by the PC matrix in
Fig. 1). Starting at pipeline register R1, we first convert the
VN-to-CN messages (or the LLR values ℓi in the first iteration)
from two’s complement to sign magnitude values q (SM block).
Then, these messages are sent to the appropriate CN blocks,
which extract the smallest and second smallest absolute values
of the messages coming from the connected VN blocks (see
blue connections in Fig. 3). Each CN block also computes the
associated parity check by XOR-ing all incoming sign bits.
The CN processing is facilitated by the sign magnitude format.
Back in the PU, the value q is compared to the minimum from
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Fig. 4: ASIC micrograph (left) containing our SB-LDPC decoder and detailed
area breakdown (right). OM, IM, and ET are output LLR memory, input LLR
memory, and early termination block, respectively. Each VN block contains
PUs, one for each VN-CN connection from the given VN block.

the incoming CN. If they match, then MUX2 passes the second-
smallest absolute value; if not, MUX2 passes the minimum.
The selected value is then scaled using the predefined weight
as in (1); since all of the weights are determined offline, only
multiplications with constants are necessary. The resulting sign-
magnitude value is then stored in pipeline register R2. After
R2, the message is converted to two’s complement (2C block)
in preparation for summation. Each VN block then sums all
the CN-to-VN messages previously processed by the internal
PUs, including the associated input LLR ℓi, obtaining the
intrinsic LLR ℓout,i associated with code bit ci. The intrinsic
LLRs are fed back to the PUs, where they are converted into
extrinsic messages and stored in R1. Decoding is repeated for
Imax iterations. The ET block uses the intrinsic LLR’s sign
bits to compute the PC. If ET is triggered for one of the two
interleaved codewords (pink signal in Fig. 3), then the pipeline
registers associated with the unterminated codeword keep their
outputs for one additional clock cycle to avoid switching
activity associated with the early-terminated codeword. If ET
is triggered for both codewords, then all pipeline registers are
frozen. To minimize the BLER implementation loss (cf. Fig. 2),
we use fixed-point numbers with 4 integer bits, 2 fractional
bits, and 1 sign bit. The multi-operand adder inside the VNs
uses one additional integer bit.

V. IMPLEMENTATION RESULTS AND COMPARISON

Fig. 4 depicts our multi-project chip fabricated in Global-
Foundries’ 22 FDXTM FD-SOI technology. The proposed SB-
LDPC decoder occupies an area of 0.44mm2, including the
input memory (IM) to store the two input LLR vectors and
output memory (OM) for the two output LLR vectors, both of
size 7× 288 bits. At nominal 0.8V core supply voltage and
25◦ C, the decoder achieves a maximum clock frequency of



TABLE I: ASIC measurement results and comparison with other decoder designs.

This work This work This work Ghanaatian Zhang Milicevic Verma Teng Giard Kam
R = 1/2 R = 2/3 R = 3/4 [10] [11] [12] [13] [4] [3] [14]

Code/Algorithm LDPC-ANMS LDPC-LUT LDPC-OMS LDPC-MS LDPC-OMS Polar RNN-BP Polar-SCL BOSS
(k, n′) (64,128) (128,192) (192,256) (1723,2048) (1723,2048) (336,672) (352,528) (128,256) (512,1024) (15,128)
Rate R 0.5 0.67 0.75 0.84 0.84 0.5 0.67 0.5 0.5 0.12
Max. iterations Imax 10 10 10 5 14 10 10 5 - -
Min. SNR [dB] @BLER= 10−3 4 5.6 6.2 6.90a 6.41a 4.38a 2.33i BER reported 2.4a -2.55a

Technology (L) [nm] 22 22 22 28 65 28 110 40 28 28
Fabricated? yes yes yes no yes yes yes yes yes yes
Supply voltage (Vs) [V] 0.8 0.8 0.8 1 1.2 0.9 1.2 0.9 0.9 0.95
Area [mm2] 0.44 0.44 0.44 16.2 5.05 1.99 1.96 0.18 0.44 0.37
fmax no ET / ET [MHz] 1452 / 1356 1246 / 809 1142 / 776 862 700 202 72.7 225 308 590
Power @fmax no ET / ET [mW] 575 / 296 636 / 218 699 / 236 13350 - / 2800 408 / 283 150 12.8 23.3 33.3
Inf. throughput @fmax and Imax [Gb/s] 9.29b 15.94b 21.92b 494.68 40.13d 3.39 1.11 0.41 0.06 0.68
Latency @Imax [ns] 13.78b 16.06b 17.52b 69.6 137 793 120 310 7820 21.9
Area efficiency [Gb/s/mm2] 21.12b 36.24b 49.83b 30.53 7.94d 1.70 0.56 2.28 0.14 1.84
Energy efficiency @Imax [pJ/b] 61.88b 39.88b 31.88b 26.99 69.78c,d 120.36b 134.74 31.11 355.73 48.66
Scaled area efficiencye [Gb/s/mm2] 21.12b 36.24b 49.83b 62.95 204.95d 3.51 71 13.74 0.30 3.81
Scaled energy efficiencyf [pJ/b] 61.88b 39.88b 31.88b 13.57 10.50c,d 74.72b 11.98 13.52 220.84 27.12
Scaled inf. throughputg @fmax and Imax [Gb/s] 9.29b 15.94b 21.92b 629.60 118.56d 4.31 5.56 0.74 0.08 0.87
Scaled latencyh [ns] 13.78b 16.06b 17.52b 54.69 46.37d 623.08 24 170.5 6144.29 17.21

aConversion from Eb/N0 to SNR. bConsidering decoding without ET. cConsidering decoding with ET. dAverage throughput reported; the average throughout value taken at 5.5 dB with only 1.5 iterations. eTechnology scaling by S3 , f S-1U-2 , gS, and
hS-1 , where S = L/22 is the relative dimension to 22 nm and U = Vs/0.8 the relative core voltage to 0.8 V. iReported BLER is below the refined NA bound [20] for the corresponding blocklength and rate.
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Fig. 5: Measured maximum throughput (left) and energy efficiency (right)
achieved by our LDPC decoder for the three supported rates. The measurements
for each rate were taken at the minimum SNR that achieves 0.1% BLER, i.e.,
4 dB, 5.4 dB, and 6.2 dB for rates R = 1/2, R = 2/3, R = 3/4, respectively.

1.452GHz, 1.246GHz, and 1.142GHz for the rates R = 1/2,
R = 2/3, R = 3/4, respectively. Our ASIC achieves higher
data rates with longer blocklengths, which activates more VN
blocks; the power and critical path leads to a reduced clock
frequency fmax. With Imax = 10, we achieve an information
throughput θk = kfmax/Imax of 9.29, 15.94, and 21.92Gb/s at
rates R = 1/2, R = 2/3, R = 3/4, respectively, as shown on
the left side of Fig. 5. ET is in the critical path and, when
activated, reduces the throughput. Nonetheless, ET substantially
improves energy efficiency; see Fig. 5.

Tbl. I compares our SB-LDPC decoder with the state of the
art. With respect to LDPC decoders for long blocklengths [10],
[11], our ASIC achieves the shortest latency. With respect to
short blocklength codes [3], [4], [12]–[14], our ASIC achieves
the highest information throughput and is the most area efficient
except for [13]. With respect to the LDPC decoders [10]–[13]
for long and short blocklengths, our custom short-blocklength
LDPC code and ASIC achieve lower BLER (considering equal
code rates), except for [13], which reports a BLER below
the refined NA bound. In summary, our SB-LDPC decoder
achieves the shortest latency while being competitive in (scaled)
throughput and area efficiency as well as BLER performance.

VI. CONCLUSIONS

We have proposed a new short blocklength LDPC code
along with a decoder ASIC that relies on a parallel message-
passing architecture. The proposed rate-configurable decoder

outperforms existing LDPC decoders for short blocklengths in
terms of BLER and achieves a throughput of 9, 16, and 22Gb/s
for rates R = 1/2, R = 2/3, and R = 3/4, respectively.
Furthermore, our decoder achieves decoding latencies in the
range of 14 ns to 18 ns—the shortest reported in the literature.
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