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Abstract

Due to the rapid development of the information industry, modern communication
and storage systems require much higher data rates and reliability to server various
demanding applications. However, these systems suffer from noises from the prac-
tical channels. Various error correction codes (ECCs), such as Reed-Solomon (RS)
codes, convolutional codes, turbo codes, Low-Density Parity-Check (LDPC) codes
and so on, have been adopted in lots of current standards. With the increasing data
rate, the research of more advanced ECCs and the corresponding efficient decoders
will never stop.

Binary LDPC codes have been adopted in lots of modern communication and
storage applications due their superior error performance and efficient hardware
decoder implementations. Non-binary LDPC (NB-LDPC) codes are an important
extension of traditional binary LDPC codes. Compared with its binary counter-
part, NB-LDPC codes show better error performance under short to moderate block
lengths and higher order modulations. Moreover, NB-LDPC codes have lower error
floor than binary LDPC codes. In spite of the excellent error performance, it is hard

for current communication and storage systems to adopt NB-LDPC codes due to



complex decoding algorithms and decoder architectures. In terms of hardware im-
plementation, current NB-LDPC decoders need much larger area and achieve much
lower data throughput.

Besides the recently proposed NB-LDPC codes, polar codes, discovered by Arikan,
appear as a very promising candidate for future communication and storage systems.
Polar codes are considered as a major breakthrough in recent coding theory society.
Polar codes are proved to be capacity achieving codes over binary input symmetric
memoryless channels. Besides, polar codes can be decoded by the successive can-
celation (SC) algorithm with of complexity of O(N log, N), where N is the block
length. The main sticking point of polar codes to date is that their error perfor-
mance under short to moderate block lengths is inferior compared with LDPC codes
or turbo codes. The list decoding technique can be used to improve the error perfor-
mance of SC algorithms at the cost higher computational and memory complexities.
Besides, the hardware implementation of current SC based decoders suffer from long
decoding latency which is unsuitable for modern high speed communications.

ECCs also find their applications in improving the reliability of network coding.
Random linear network coding is an efficient technique for disseminating informa-
tion in networks, but it is highly susceptible to errors. Ké&tter-Kschischang (KK)
codes and Mahdavifar-Vardy (MV) codes are two important families of subspace
codes that provide error control in noncoherent random linear network coding. List
decoding has been used to decode MV codes beyond half distance. Existing hard-
ware implementations of the rank metric decoder for KK codes suffer from limited
throughput, long latency and high area complexity. The interpolation-based list

decoding algorithm for MV codes still has high computational complexity, and its



feasibility for hardware implementations has not been investigated.

In this exam, we present efficient decoding algorithms and hardware decoder
architectures for NB-LDPC codes, polar codes, KK and MV codes. For NB-LDPC
codes, an efficient shuffled decoder architecture is presented to reduce the number
of average iterations and improve the throughput. Besides, a fully parallel decoder
architecture for NB-LDPC codes with short or moderate block lengths is also pre-
sented. Our fully parallel decoder architecture achieves much higher throughput and
area efficiency compared with the state-of-art NB-LDPC decoders. For polar codes,
a memory efficient list decoder architecture is first presented. Based on our reduced
latency list decoding algorithm for polar codes, a high throughput list decoder ar-
chitecture is also presented. At last, we present efficient decoder architectures for

both KK and MV codes.



Chapter 1

Introduction

Error correction codes (ECCs), such as Reed-Solomon (RS) codes, convolutional
codes, turbo codes, Low-Density Parity-Check (LDPC) codes and so on, are widely
used in current communication and storage systems. Non-binary LDPC codes and
polar codes are recently emerged ECCs for future applications. However, NB-LDPC
codes suffer from high decoding algorithms and inefficient hardware decoder archi-
tecture. The successive cancelation (SC) based list (SCL) decoding algorithm for
polar codes has much better error performance that the SC algorithm. However, the
hardware implementations of the SCL decoding algorithm suffer from long decoding
latency, which is unsuitable for high speed applications. Besides, ECCs also find ap-
plications in random linear network coding (RLNC). The Kotter-Kschischang (KK)
codes and Mahdavifar-Vardy (MV) codes are two important families of subspace
codes that provide error control in noncoherent random linear network coding.

In this chapter, we first explain our motivations of our research in Sec. 1.1, and

then present our main contributions in this dissertation as well as the organization



1.1. MOTIVATIONS

of this dissertation in Sec. 1.2.

1.1 Motivations

1.1.1 Non-binary LDPC Codes

Binary low-density parity-check (LDPC) codes are more and more popular in ap-
plications because of their capacity-approaching performance. In terms of perfor-
mance, binary LDPC codes start to show their weaknesses when the codeword length
is small or moderate, or when a higher order modulation is used. For these cases,
nonbinary LDPC (NB-LDPC) codes over high order Galois fields have shown great
potential [3,4]. For instance, in [1], a rate-1/2 NB-LDPC code of length 84 over
GF(64) is shown to perform 0.375dB better than a rate-1/2 binary irregular LDPC
code of equivalent length 504 bits in [5] over binary input additive white Gaussian
noise (AWGN) channel. Over the QAM-AWGN channels, NB-LDPC codes with
a field order greater than or equal to the size of constellation have the advantage
that the encoder/decoder works directly with symbols. All mapping choices of the
codeword symbols to the constellation points are equivalent and lead to the same
performance. In [1], an NB-LDPC code over GF(256) performs 0.5dB better than a
rate-1/2 binary LDPC codes of the equivalent length 1008 bits over QAM256-AWGN
channel.

A significant obstacle to the application of NB-LDPC codes is that their de-
coding algorithms have high complexities. Hence, a lot of research effort has been
spent on efficient decoding algorithms for NB-LDPC codes [1,6]. Among them, the

EMS [1] and the Min-Max [6] algorithms draw a lot of attention because of their low
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computation and memory complexity. For an NB-LDPC code over GF(2™), both
the EMS and the Min-Max algorithms store only the n,, (n,, < 2™) most reliable
messages, thus reducing the memory requirement at the cost of small performance
degradation. The check node processing of the EMS algorithm needs additions and
comparisons, while the Min-Max algorithm needs only maximizations and compar-
isons in check node processing. The trellis-based check node processing (TBCP)
algorithm [7] reduces the computational complexity of check node processing of the
Min-Max algorithm by eliminating unnecessary check-to-variable messages.

Besides the Min-Max and EMS decoding algorithms, stochastic decoding [2,8,9]
is another way to reduce the hardware complexity of NB-LDPC decoders while
maintaining the decoding performance. Compared to conventional belief propa-
gation decoding algorithms, the stochastic decoding algorithm has lower hardware
complexity [9]. The relaxed half-stochastic decoding algorithm optimized for NB-
LPDC codes with variable node degree 2, called the RD2 algorithm, was proposed
in [8]. The RD2 decoding algorithm reduces the decoding complexity by reducing
the number of real multiplications significantly. An improved version of the RD2
algorithm, called the NoX decoding algorithm [2], is proposed to further reduce the
computational complexity.

Recently, a considerable amount of research effort has been spent on efficient
decoder architectures for NB-LDPC codes [9-17]. Existing NB-LDPC decoders still
suffer from low throughput and large hardware complexity. For example, a (248,
124) NB-LDPC decoder over GF(32) [15] achieves a throughput of 47.69 Mb/s at the
cost of 10.33 mm? silicon area under 90nm technology. An (837, 726) NB-LDPC
decoder [16] over GF(32) achieves a throughput of 60Mb/s at the cost of 1.29M
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standard NAND gates using the 180nm technology. The FPGA implementation of
a (192, 96) stochastic AMSA decoder [9] over GF(256) achieves a throughput of
64Mb/s at the frequency of 108MHz.

1.1.2 Polar Codes

Polar codes, recently introduced by Arikan [18], are a significant breakthrough in
coding theory. It is proved that polar codes can achieve the channel capacity of any
discrete or continuous memoryless channel [18,19]. Polar codes can be efficiently
decoded by the low-complexity successive cancelation (SC) decoding algorithm [18]
with a complexity of O(N log N), where N is the block length. To approach the
channel capacity using the SC algorithm, polar codes require very large code block
length (for example, N > 22° [20]), which is impractical in many applications.
For short or moderate length, the error performance of polar codes under the SC
algorithm is worse than that of Turbo or low-density parity-check (LDPC) codes [21].

Lots of efforts [21-28] have already been devoted to the improvement of error-
correction performance of polar codes with short or moderate lengths. An SC list
(SCL) decoding algorithm was proposed recently in [21], which performs better
than the SC algorithm and performs almost the same as a maximum-likelihood
(ML) decoder [21]. In [22-24], the cyclic redundancy check (CRC) is used to pick
the output codeword from L candidates, where L is the list size. The CRC-aided
SCL algorithm performs much better than the SCL algorithm at the expense of
negligible loss in code rate.

In terms of hardware implementations of the SC algorithm, an efficient semi-

parallel SC decoder was proposed in [20], where resource sharing and semi-parallel
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processing were used to reduce the hardware complexity. An overlapped computa-
tion method and a pre-computation method were proposed in [29] to improve the
throughput and to reduce the decoding latency of SC decoders. Compared to the
semi-parallel decoder architecture in [20], the pre-computation based decoder archi-
tecture [29] can double the throughput. A simplified SC decoder for polar codes,
proposed in [30], reduces the decoding latency by more than 88% for a rate 0.7 polar
code with length 2!8.

Despite its significantly improved error performance, the hardware implementa-
tions of SC based list decoders [31-34] still suffer from long decoding latency and
limited throughput due to the serial decoding schedule. In order to reduce the de-
coding latency of an SC based list decoder, M (M > 1) bits are decoded in parallel
in [35-37], where the decoding latency can be reduced by M times ideally. How-
ever, for the hardware implementations of the algorithms in [35-37], the actually
achieved decoding latency reduction is less than M due to extra decoding cycles on
finding the L most reliable paths among 2™ L candidates, where L is list size. A
software adaptive SSC-list-CRC decoder was proposed in [38]. For a (2048, 1723)
polar+CRC-32 code, the SSC-list-CRC decoder with L = 32 was shown to be about
7 times faster than an SC based list decoder. However, it is unclear whether the list

decoder in [38] is suitable for hardware implementation.

1.1.3 Error Control Decoders for RLNC

Random linear network coding (RLNC) is an efficient technique for disseminat-
ing information in networks (see, for example, [39-42]). Due to its random linear

operations, RLNC not only achieves network capacity with high probability in a
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distributed manner, but also provides robustness against varying network condi-
tions [43]. Unfortunately, it is highly susceptible to errors due to noise, malicious or
malfunctioning nodes, or insufficient min-cut [44]. As a result, error control is vital
for RLNC.

Error control methods proposed for RLNC assume two transmission models. The
methods for the first model (see, for example, [45]) depend on and take advantage
of the underlying network topology or the particular linear networking operations
performed at various nodes. The methods for the other model (see, e.g., [44,46])
assume that both the transmitter and the receiver have no knowledge of such channel
transfer characteristics. The two models are referred to as coherent and noncoherent
network coding, respectively. In this paper, we focus on error control for noncoherent
RLNC.

An error control code for noncoherent network coding [44], called a subspace
code, is a set of subspaces. Information is encoded in the choice of a subspace
spanned by a set of transmitted packets. A subspace code is called a constant-
dimension code (CDC) if all subspaces are of the same dimension. CDCs lead to
simplified network protocols due to the constant dimension. A class of asymp-
totically optimal CDCs, referred to as Kotter-Kschischang (KK) codes, has been
proposed in [44]. A decoding algorithm based on interpolation for bivariate lin-
earized polynomials is also proposed for KK codes in [44]. It was shown in [46] that
KK codes correspond to lifting of Gabidulin codes, a class of optimal rank metric
codes. As a result, KK codes can be decoded by the generalized decoding algorithm

for the rank metric codes [46].



1.2. CONTRIBUTIONS AND ORGANIZATION

Motivated by KK codes, a new family of subspace codes, referred to as Mahdavifar-
Vardy (MV) codes in this paper, was proposed [47-49]. List decoding, which has
been used to decode beyond the error correction diameter bound [50], can be applied
to the decoding of MV codes. Using algebraic list decoding, it was shown [49] that
MYV codes can achieve a better tradeoff between rate and decoding radius than KK
codes.

Error control for RLNC comes at the expense of additional computations needed
for encoding and decoding. The complexities of existing decoding algorithms [44,
49, 51] for KK and MV codes are much higher than those of encoding, and are
hence critical to applications of RLNC. Most previous works focus on theoretical
aspects of network coding. For example, the decoding complexities of KK and MV
codes were analyzed in [44,46] and [47-49], respectively. However, theoretical anal-
ysis does not completely reflect how the decoding algorithms affect the hardware
implementation results, such as area and throughput. For KK codes, decoder ar-
chitectures based on the generalized decoding algorithm for rank metric codes [46]
was proposed in [43]. Unfortunately, the rank metric decoder architectures in [43]
suffer from limited throughput, long decoding latency and high area complexity.
Besides, to the best of our knowledge, decoder architectures for MV codes and their

hardware implementations have not been investigated in the open literature.

1.2 Contributions and Organization

This dissertation has the following contributions and is organized as follows.
e In Chapter 2, the shuffled decoding algorithm and its corresponding decoder
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CONTRIBUTIONS AND ORGANIZATION

architecture are investigated. Our main contributions of this chapter are two-
fold. First, we propose a shuffled schedule (SS) of the Min-Max algorithm
for NB-LDPC codes. To reduce the memory requirement and improve the
throughput, we also propose a modified shuffled schedule (MSS), which em-
ploys a novel shuffle sort (SST) algorithm to reduce the complexity of check
node processing significantly. Our simulation results show that both the SS
and MSS converge faster and have slightly better error performance than the
flooding schedule, and that the degradation of the MSS in error performance
as well as convergence rate is negligible. The simulation results also show that
the error performance of the MSS and layered schedule are almost the same.
Second, an efficient shuffled decoder architecture for NB QC-LDPC codes is
proposed based on the Min-Max algorithm using the modified shuffled sched-
ule. The proposed architecture has a similar top structure to other partly
parallel decoder architectures for binary and nonbinary LDPC codes. How-
ever, it has several key novelties: 1) its underlying modified shuffled schedule
is novel; 2) on-the-fly computation and hardware re-usage have been used to
reduce memory consumption and to improve the throughput; 3) a random
memory address generator (RMAG) has been employed in the check node
unit (CNU) to reduce the number of cycles required by CNP; 4) since the
variable node unit (VNU) becomes complex for decoders storing only the n,,
most reliable values, the variable-to-check messages are stored in an improved

way so as to simplify the message access.

In Chapter 3, a fully parallel decoder architecture based on the proposed

decoding algorithm is also proposed. The main contributions of this paper are

11
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as follows:

1. Based on the Min-Max algorithm, a reduced memory complexity trellis
based check node processing (RTBCP) algorithm is proposed.

2. A simplified algorithm is proposed to reduce the computational complex-
ity of variable node processing (VNP). As a result, compared with the
RHS algorithm in [2], a stochastic decoder, the proposed decoding al-
gorithm needs fewer real multiplications but more real comparisons and
finite field additions.

3. For each a priori message, all LLRs except several most reliable ones
are approximated with a linear function. Two kinds of low complexity
LLR generation units are also proposed for the approximation of the
check-to-variable (c-to-v) LLR and a priori LLR, respectively. With 5-
bit quantization scheme and n,, = 32, the areas of the two LGUs are
10.7% and 13.3%, respectively, of that of an SRAM which stores an LLR
vector under a 90nm CMOS technology. A similar approach was proposed
in [52] to approximate a priori LLR. The main differences between our
work and that in [52] are as follows:

— Besides the approximation of channel LLR vectors, we try to approx-
imate check-to-variable LLR vectors.

— A simplified variable node processing (SVNP) algorithm is proposed
to compensate the performance degradation caused by LLR approx-
imation.

4. A parallel check node unit (CNU) and a low-latency variable node unit
(VNU) are proposed. Based on the proposed CNU and VNU, an efficient

12
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fully parallel decoder architecture is also proposed. A fully parallel NB-
LDPC decoders based on GF(256) is implemented with 28nm CMOS
technology. The decoder over GF(256) achieves a throughput of 546Mb/s

and an energy efficiency of 0.178nJ /b/iter.

Since routing congestion tends to be challenging for fully parallel LDPC de-
coder architectures, the proposed decoder architecture is not suitable for very
long LDPC codes. The proposed fully parallel decoder architecture is partic-
ularly advantageous for NB-LDPC codes over large fields, since the memory

reduction will be more significant when n,, is large.

e In Chapter 4, we focus on efficient architectures and their hardware imple-
mentations of interpolation based decoders for KK and MV codes. The main

contributions of this paper are:

1. The decoder of KK codes has two stages: interpolation and factorization.
The generalized interpolation algorithm in [51] is used for the first stage
since it is more efficient than Gaussian elimination [51]. For factoriza-
tion, we propose a reformulated right division algorithm for linearized

polynomials, which is suitable for hardware implementations.

2. The list decoder of MV codes also has two stages: interpolation and
factorization. The generalized interpolation algorithm in [51] is used in
the interpolation process. A linearized Roth-Ruckenstein (LRR) algo-
rithm [53] is proposed in [47] to solve the factorization problem for MV
codes. In this paper, we make a more detailed study on the LRR algo-

rithm. For list size L = 2, we derive the equations used to compute all
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the information symbols and uncover the relation between two possible
solutions. A matrix based LRR (M-LRR) algorithm, which is suitable

for hardware implementations, is also proposed for factorization.

3. A serial decoder architecture and an unfolded decoder architecture for
KK codes are proposed for applications with moderate and high through-
puts, respectively. Both architectures are implemented for KK codes over
GF(2%) and GF(2'%) to demonstrate their efficiency. To the best of our
knowledge, this is the first efficient implementation of interpolation-based
decoder for KK codes. Compared to the rank metric decoder architec-
tures for KK codes [43], the proposed serial decoder architecture improves
the throughput by 4.9 and 13.2 times, while its gate counts are only 56%
and 76% of their respective counterparts in [43]. Moreover, for these two
codes, the unfolded architecture achieves a throughput of 12.5Gb/s and
41.6Gb/s, much higher than the throughput of 214Mb/s and 134Mb/s
of their respective counterparts in [43]. The throughputs per thousand
NAND gates of our architectures are much higher and their latency much

shorter than their counterparts in [43].

4. A serial list decoder architecture for MV codes is proposed. To the best
of our knowledge, this is the first hardware implementation of MV de-
coders. An efficient architecture for solving equations over an extension
field GF(¢™) (¢ > 2 is moderate) is proposed. The proposed equation
solver does not require complicated inversion operations over GF(¢™).
Besides, an implementation of factorization that computes all L possible

transmitted packets in parallel is proposed, where L is the list size for
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list decoding.

e In Chapter 5, we propose the first hardware implementation of the CA-SCL
algorithm to the best of our knowledge. Based on both algorithmic and ar-
chitectural improvements, our decoder architecture achieves better error per-
formance and higher area efficiency compared with the decoder architecture

in [31]. Specifically, the major contributions of this work are:

1. Message memories account for a significant fraction of an SC or SCL
decoder [20,31]. In this chapter, an area efficient message memory archi-
tecture is proposed. Besides, a new compression method for the channel

messages is used to reduce the area of the proposed decoder architecture.

2. An efficient processing unit (PU) is proposed. For the proposed list de-
coder architecture, a fine grained PU profiling (FPP) algorithm is pro-
posed to determine the minimum quantization size of each input message
for each PU so that there is no message overflow. By using the quantiza-
tion size generated by the FPP algorithm for each PU, the overall area
of all PUs is reduced.

3. An efficient scalable path pruning unit (PPU) is proposed to control the
copying of decoding paths. Based on the proposed memory architecture
and the scalable PPU, our list decoder architecture is suitable for large

list sizes.

4. A low-complexity direct selection scheme is proposed for the CA-SCL
algorithm when a strong CRC is used (e.g. CRC32). The proposed

direct selection scheme simplifies the selection of the final output data
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word.

5. For a (1024, 512) rate—% polar code, the proposed list decoder architec-
ture is implemented for list size L = 2 and 4, respectively, under a 90nm
CMOS technology. Compared with the decoder architecture in [31] syn-
thesized under the same technology, our decoder achieves 1.24 to 1.83
times area efficiency (throughput normalized by area). Besides, the pro-
posed CA-SCL decoder has better error performance compared with the
SCL decoder in [31].

e In Chapter 6, a tree based reduced latency list decoding algorithm and its
corresponding high throughput hardware architecture are proposed for polar

codes. The main contributions are:

— A tree based reduced latency list decoding (RLLD) algorithm over loga-
rithm likelihood ratio (LLR) domain is proposed for polar codes. Inspired
by the simplified successive cancelation (SSC) [30] decoding algorithm
and the ML-SSC algorithm [54], our RLLD algorithm performs the SC
based list decoding on a binary tree. Previous SCL decoding algorithms
visit all the nodes in the tree and consider all possibilities of the infor-
mation bits, while our RLLD algorithm visits much fewer nodes in the
tree and consider fewer possibilities of the information bits. When con-
figured properly, our RLLD algorithm significantly reduces the decoding
latency and hence improves throughput, while introducing little perfor-

mance degradation.
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— Based on our RLLD algorithm, a high throughput list decoder architec-
ture is proposed for polar codes. Compared with the state-of-arts SCL
decoders in [32,33,36], our list decoder achieves lower decoding latency

and higher area efficiency (throughput normalized by area).

More specifically, the major innovations of the proposed decoder architecture

are:

— An index based partial sum computation (IPC) algorithm is proposed to
avoid copying partial sums directly when one decoding path needs to be
copied to another. Compared with the lazy copy algorithm in [55], our
IPC algorithm is more hardware friendly since it copies only path indices,

while the lazy copy algorithm needs more complex index computation.

— Based on our IPC algorithm, a hybrid partial sum unit (Hyb-PSU) is
proposed so that our list decoder is suitable for larger block lengths.
The Hyb-PSU is able to store most of the partial sums in area efficient
memories such as register file (RF) or SRAM, while the partial sum units
(PSUs) in [31-33] store partial sums in registers, which need much larger
area when the block length N is larger. Compared with the PSU of [32],
our Hyb-PSU achieves an area saving of 23% and 63% for block length
N = 213 and 2%, respectively, under the TSMC 90nm CMOS technology.

— For our RLLD algorithm, when certain types of nodes are visited, each
current decoding path splits into multiple ones, among which the L most
reliable paths are kept. In this paper, an efficient path pruning unit

(PPU) is proposed to find the L most reliable decoding paths among
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the split ones. For our high throughput list decoder architecture, the

proposed PPU is the key to the implementation of our RLLD algorithm.

— For the fixed-point implementation of our RLLD algorithm, a memory
efficient quantization (MEQ) scheme is used to reduce the number of
stored bits. Compared with the conventional quantization scheme, our
MEQ scheme reduces the number of stored bits by 17%, 25% and 27%
for block length N = 210, 213 and 2'°, respectively, at the cost of slight

error performance degradation.
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Chapter 2

An Efficient Shuffled Decoder
Architecture for Nonbinary

Quasi-Cyclic LDPC Codes

2.1 Introduction

Binary low-density parity-check (LDPC) codes are more and more popular in ap-
plications because of their capacity-approaching performance. In terms of perfor-
mance, binary LDPC codes start to show their weaknesses when the code word
length is small or moderate, or when higher order modulation is used for transmis-
sion. For these cases, nonbinary LDPC (NB-LDPC) codes over high order Galois
fields have shown great potential [3,4]. For instance, in [1], a rate-1/2 NB-LDPC
code of length 84 over GF(64) is shown to perform 0.375dB better than a rate-1/2

binary irregular LDPC code of equivalent length 504 bits in [5] over binary input
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2.1. INTRODUCTION

additive white Gaussian noise (AWGN) channel. Over the QAM-AWGN channels,
NB-LDPC codes with a field order greater than or equal to the size of constellation
have the advantage that the encoder/decoder works directly with symbols. All map-
ping choices of the codeword symbols to the constellation points are equivalent and
lead to the same performance. In [1], an NB-LDPC code over GF(256) performs
0.5dB better than a rate-1/2 binary LDPC codes of the equivalent length 1008 bits
over QAM256-AWGN channel.

A significant obstacle to the application of NB-LDPC codes is that their decoding
algorithms are of high complexity. Hence, a lot of research effort has been spent
on efficient decoding algorithms for NB-LDPC codes [3,6,56-58]. Among them,
the EMS [58] and the Min-Max [6] algorithms draw the most attention because
their low computation and memory complexity. Both the EMS and the Min-Max
algorithms can store only the n,, (n,, < ¢) most reliable messages, thus reducing
the memory requirement at the cost of small performance degradation. The check
node processing of the EMS algorithm needs addition and comparison operations,
while the Min-Max algorithm needs only maximization and comparison in check
node processing. The trellis-based check node processing (TBCP) algorithm [7]
reduces the computational complexity of check node processing (CNP) of the Min-
Max algorithm by eliminating unnecessary check-to-variable messages from CNP.

Recently, a considerable amount of research effort has already been spent on
efficient decoder architectures for NB-LDPC codes [7,10, 11, 15, 59] based on the
EMS or the Min-Max algorithm. The existing NB-LDPC decoders still suffer from
low throughput and large hardware complexity. For example, a (248, 124) NB-
LDPC decoder over GF(32) [15] achieves a throughput of 47.69 Mb/s at the cost of
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10.33 mm? silicon area under 90nm technology, while a (1200, 720) binary LDPC
decoder [60] achieves a throughput of 5.92 Gb/s at the cost of 13.5 mm? silicon area
under 180nm technology.

The main contributions of this chapter are two-fold. First, we propose a shuffled
schedule (SS) of the Min-Max algorithm for NB-LDPC codes. To reduce the mem-
ory requirement and improve the throughput, we also propose a modified shuffled
schedule (MSS), which employs a novel shuffle sort (SST) algorithm to reduce the
complexity of check node processing significantly. Our simulation results show that
both the SS and MSS converge faster and have slightly better error performance
than the flooding schedule, and that the degradation of the MSS in error perfor-
mance as well as convergence rate is negligible. The simulation results also show
that the error performance of the MSS and layered schedule are almost the same.
Second, an efficient shuffled decoder architecture for NB QC-LDPC codes is pro-
posed based on the Min-Max algorithm using the modified shuffled schedule. The
proposed architecture has a similar top structure to other partly parallel decoder
architectures for binary and nonbinary LDPC codes. However, it has several key
novelties: 1) its underlying modified shuffled schedule is novel; 2) on-the-fly compu-
tation and hardware re-usage have been used to reduce memory consumption and to
improve the throughput; 3) a random memory address generator (RMAG) has been
employed in the check node unit (CNU) to reduce the number of cycles required by
CNP; 4) since the variable node unit (VNU) becomes complex for decoders storing
only the n,, most reliable values, the variable-to-check messages are stored in an
improved way so as to simplify the message access.

For NB-LDPC codes, a shuffled schedule for the EMS algorithm was proposed
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in [1], and a shuffled schedule and a probabilistic shuffled schedule for the belief
propagation were proposed in [61]. The work herein differs from the previous works
in [1,61] in three aspects. First, while the works in [61] and [1] focus on the belief
propagation and EMS decoding of NB-LDPC codes, respectively, our work considers
the Min-Max algorithm. Second, while our shuffied schedule is similar to those in [1,
61], our modified shuffled schedule with reduced-complexity check node processing
is novel. Third, while the works in [1,61] focus on decoding algorithms, this work
considers not only decoding algorithms but also decoder architectures as well as
their hardware implementations.

For binary LDPC codes, a layered decoder architecture tends to be more efficient
than a shuffled decoder architecture. This is because both the CNP and variable
node processing (VNP) are relatively simple. However, for NB-LDPC codes, layered
decoder architectures [7,15,59] have several drawbacks. First, The check node pro-
cessing of existing decoding algorithms for NB-LDPC codes is complex and requires
many cycles to finish. Processing the rows serially in the layered fashion requires
more cycles than processing all rows at the same time. Second, the variable node
processing for NB-LDPC codes is also complex compared to that of binary LDPC
codes. A round of variable node processing for a variable node takes 2n,, cycles
for the nonbinary layered decoder architecture in [7]. Third, for layered decoder
architectures, the variable node processing may be performed several times for one
variable node during an iteration, leading to lower throughput. In contrast, the shuf-
fled decoder architecture proposed in this chapter processes all rows concurrently
and needs only a round of variable node processing for all variable nodes during an

iteration. This reduces the number of cycles needed for an iteration.
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The shuffled schedule has also been used in decoder architectures for binary
LDPC codes (see, e.g., [62]). However, each check to variable (c-2-v) or variable
to check (v-2-¢) message is a vector for NB-LDPC codes, whereas each c¢-2-v or
v-2-¢ message is just a single log likelihood ratio (LLR) for binary codes. This
fundamental difference also leads to higher complexities for decoder architectures
of NB-LDPC codes than their binary counterparts. The key novelties mentioned
above also apply when comparing the proposed architecture herein with that in [62].

The rest of this chapter is organized as follows. Section 2.2 briefly reviews the
TBCP algorithm. Section 2.3 proposes the shuffled and modified shuffled schedule
and presents our simulation results. Our decoder architecture and the hardware
implementation results are presented in Section 2.4. The conclusion is drawn in

Section 2.5.

2.2 Background

Consider check node m and variable node n in the Tanner graph [63] defined by
H, respectively. Let M(n) denote the set of neighboring check nodes connected to
n, and N(m) the set of variable nodes connected to m. For a € GF(q), let L,(a)
be the a priori information of variable node n concerning the symbol a and @, (a)
be the posteriori information of the same symbol. R, ,(a) and Q,,(a) denote
the messages passed from m to n and from n to m concerning a, respectively. Let
¢, be the (n 4 1)-th coordinate of a codeword and s, be the most likely symbol
for ¢,. The Min-Max decoding algorithm [6] can be formulated as follows, where

Imax denotes the maximal number of iterations and A(mla, = a) o {(a;)(j €
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check node ¢

qo‘c(k)(o) qSo,c(k)(O) Q1,c(k)(o) qsi‘c(k)(o) qr\-l‘c(k)(o) qsn-l,c(k)(o)
Gc¥(1) | as(D) a0 | 68, An1c¥(D) | as0a(2)
G001 | 650c(0rD) | | 0 c®0nD) | 65,0 (0n-1) A1 ¥(M0-1) | g1 ¥(nn-1)
variable variable variable
node 0 O node 1 node n-1

Figure 2.1: Messages sent form check node to variable node

N(m)\ {n})] ZjeN(m)\{n} P, j@; + hpna = 0}:

Algorithm 1: Min-Max Algorithm [6]
Initialization:
L,(a) =In(P,(¢, = s,|channel)/P, (¢, = a|channel))
Qmn(a) =Lp(a) (0<m<M0<a<gq),i=0
Iteration:
while HC # 0 and i < Iqg do

check node Processing:

R, .(a) = min max Q. (a;
(@) <aj>eA(m|an:a>(jezwm)\{n} 4(a)
variable node processing:

{rn,n(a) = Ln(a) + Zm’EM(n) levn(a’)

!/

mn = aGmGiFr%q) Qm,n(a)

Qmnla) = Qpn(a) = @y

tentatively decoding:
Cp = argmin(@m,n(a))

t=1+1

The Min-Max algorithm stores the n,, most reliable messages. Suppose there
are n variable nodes connected with check node c¢. The truncated messages sent
from n variable nodes to check node ¢ are shown in Fig. 2.1, where ¢, .(k) is an LLR
value and g¢s, (k) € GF(q), where GF(q) is a finite field with ¢ elements. Each
v-2-¢ message contains n,, LLRs and n,, associated field symbols.

Normally, the CNP is performed in a forward-backward way [6], which is memory
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demanding. The TBCP algorithm [7] eliminates unnecessary v-2-c messages from
CNP, thus reducing the memory consumption. The TBCP algorithm first sorts these
n(n,, —1) nonzero LLRs in non-decreasing order as x.(1), z.(2),-- -, z.(X), and only
the X smallest ones are kept. Their associated field symbols are a.(1), a.(2), - - -,
a.(X), and they belong to variable nodes with indices e.(1), e.(2), - -+ , e.(X). A path
construction (PC) algorithm shown in Algorithm 2 is proposed in [7] to compute the
truncated c-2-v message: r., and rs.,, where 7., is the n,,-dimension LLR vector

and 75, is the associated field symbol.

Algorithm 2: PC Algorithm [7]
input : x.(i),.(i),e.(i) i=1,--- | X; z.(v) v=0,-- ,de. — 1; Qsum
output: r.,(j),rsc,(j) for j =0,--- ,ny —1

Initialization:

Tew(0) = 0,75.,(0) = asum ® z(v),i = 1,ent =1, P = [0,0,--- , 0]

while cnt < n,, do

if e.(i1) # v then

j =cnt

for k=01t j—1do

a =1Sc,(k) D z:(ec(7)) B a(i)

if P.x(e.(i)) #1 for a &rs., then
Tew(cnt) = x.(i); rsen(cnt) = a
P.oni(ec(i)) =1
Pc,cnt(s) = Pc,k(s) for s 7é ec(i)
ent =cnt + 1

t=1+1

As shown in Algorithm 2, z.(v) = ., (0), v =1, - ;n and Qsum = D1, 2:(4)-
P, is an n-dimension vector over GF(2) which stores the constructed path. &
denotes addition over GF(q). The constructed n,, LLRs are picked from the sorted

list z.(7), and stored in r.,. Their associated field symbols are stored in rs.,. X
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is set to 1.5n,, [7] so that the decoding performance could be maintained. It takes

2n,,, iterations to compute r.,, 7Sc, [7].

2.3 Shuffled and Modified Shuffled Schedule

2.3.1 Shuffled Schedule

Suppose H is divided into G block columns: H = [Hy H; ... Hg_1], where H; is an
M x g sub-matrix and ¢ = N/G. Let M(n) denote the set of neighboring check
nodes connected to n, and N(m) denote the set of variable nodes connected to m.
Let 1,(i),S,(i) for ¢ = 0,--- ,n, — 1 denote an n,,-ary a priori message, where
I, is the LLR vector and S, is the corresponding field symbol vector, respectively.
Let CMS;) (1) = (xgkl)(z), Oszl) (1), e((fl) (7)) fori =1,--- , X, which are the inputs of the
PC algorithm [7] when computing updated c-2-v messages within block column !
in iteration k. Let (qq(}kc), qsg,kc)) and (rﬁkv) s ) denote a v-2-¢ and c¢-2-v message in
iteration k, respectively. Suppose the row weight for each H; is exactly 1, which can
be easily satisfied by QC-LDPC codes. The proposed shuffled schedule is shown in
Algorithm 3.

During the initialization step, for each check node ¢, the init_sort (IS) algorithm
sorts out X LLR values in a non-decreasing order from incoming d.(n,, — 1) v-
2-c message elements, where d. is the corresponding check node degree. The IS
algorithm is shown in Algorithm 4, where n = d; t,ts and ti are all X-dimension
vectors.

The block_vnp(l) function in Algorithm 3 computes the corresponding qglffl)

Y
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Algorithm 3: Shuffled Schedule

Initialization:

C]c(:,ov) = I, QSS:% =S, for c € M(v)
forc=0to M —1do
M) = 15({(g%, ¢sD)]v € N(e)})
Iteration:
for k=0 to [, — 1 do
for{=0to G—1do
forc=0to M —1do
for {v € N(¢) and IG <v < (l+1)G} do
L |8 rslY) = Pe(eML)

(¢, gs1) = block vap(l)
forc=0to M —1do
for v € N(c) do
if v<(l+ )G then
(k+1)

ttqvc—(ﬁ]c tqsvc—qsvc

else tqv c Cﬁ(; 0)7 thv c — ngCc)

OMYL, = ISkl sl € N(o)})

" k+1 k
i cml ™ = oM™
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Algorithm 4: IS Algorithm

input : (qgc,qsw)w € N(c) = {vo,va, -+ , 04,1}

output: CMcyz (i) = (x(k)(z), a® (i) e(k)(i)) fori=1,---,X

c,l c,l » ~e,l
t(i) = ¢ (1), ts(d) = qst (i), ti(i) = 0 for i = 1,2, -+ ,mp — 1
for j=1tod.—1do
a=b=1
for i =1 to X do
if ¢(a ) q(k (b) then
| TW) = (t(a), ts(a), tia)); a = a+1

else T (i) = (gihe(b), ¢Pe(b), 5); b=b+1

(t(0), ts(i), tii)) = CMY) (i) for all i
cMm) = 1)

qu,’fj Y messages within block [. Take variable node v as an example. The ¢-

ary message Qu, are firstly computed as Qu(s) = Lo(s) + X sepriine Rew(s) for
s=0,1,---,q—1. Here, L,(s) = I,(i) if S,(z) = s, otherwise L,(s) = I,(n,, — 1)
which is maximum of I,. Besides, Ry ,(s) = UHI)( o) if rs (bl )(zc) = s, otherwise

Ry (s) = r(f”l)(nm —1). Finally, qf,() D and qsv,jl) are computed by sorting @, .

v

2.3.2 Modified Shuffled Schedule

For the shuffled schedule in Algorithm 3, the computation of CMS?JFI employ the
IS algorithm, which needs (d. — 1)X comparisons. Thus, d.(d. — 1)X comparisons
are needed for computing all CM&? during an iteration. Besides, all v-2-c¢ messages
need to be stored. This results in low throughput as well as a significant memory
requirement. Instead, we propose a modified shuffled schedule (MSS) which uses a

shuffled sort (SST) algorithm to compute Cl\/I((ﬁ)Jrl as shown in Algorithm 5.
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Algorithm 5: SST Algorithm
input : (g, gstid V1), CMYY

(k)
output: CM_7,,

a=1b=1c=1
forx—Otonm—l—X—Zdo
if ecl == [ then b= 0+ 1; continue

if ity ( ) < (k)(b) then

C

MY, (0) = (¢t (a), g5t (a), 1)
c=c+1l,a=a+1

else CM (k)

B@=CMBb)c=ct1,b=b+1

if c== X +1 then break

The proposed SST algorithm needs at most n,,, + X — 1 comparisons to compute

cM®)  based on CM" ol ) and (qvkcJrl ,qsq(fjl)). It only takes at most (d.—1)X + (d. —

el+1
D(nm+X —1) = (d. — 1)(nm +2X — 1) comparisons to compute all CMS? during
an iteration. Besides, only (qq(]k,;r 1), q:;y%r 1)) need to be stored. As a result, compared
to the shuffled schedule in Algorithm 3, the MSS using the SST algorithm needs

fewer comparisons and less memory.

2.3.3 Simulation Results

Fig. 2.2 shows the frame error rate (FER) performance of the FFT-BP algorithm
and the Min-Max algorithm with flooding schedule, shuffled and modified shuffied
schedule as well as the layered schedule for three NB-LDPC codes on GF(32) [64]
over the AWGN channel with BPSK modulation. For our simulations, I,,,, = 30,

ny, = 16, and X = 1.5n,, = 24 for the SS and MSS. The flooding and layered
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schedule also use the TBCP algorithm in CNP. For all three codes, the error perfor-
mance with the MSS and SS is slightly better than that with the flooding schedule.
The layered schedule, the SS, and the MSS have nearly the same error performance,
which implies that the MSS results in little or no error performance degradation.

We also compare the convergence speed of the MSS, SS and layered schedule with
the flooding schedule in Fig. 2.3. Here IR0 = Nmgs/Ny, IR1 = Ngs/Nmss and LR =
Ni/Ny, where Ngs, Nmss, Ny and N; are the average numbers of iterations of the SS,
the MSS, the flooding and layered schedule, respectively. Several observations can
be made about Fig. 2.3. First, throughout the SNR range, IRO < 1 and IR1 ~ 1.
Thus, the MSS results in no degradation in convergence speed compared with the
SS, and both the MSS and SS converge faster than the flooding schedule. Second,
when FER is around 1074, the average number of iteration of the MSS is only
60% — 70% of that of the flooding schedule. Third, IR0 and LR start to grow in
high SNR region, since even the flooding schedule converge very fast at high SNR.
Thus the advantage of the MSS and SS in convergence speed decreases when the
SNR is high. The same phenomenon was observed in [61].

As shown in Fig. 2.3, the layered schedule requires fewer iterations for the sim-
ulated codes than the MSS and SS, especially when the SNR is high. However, in a
hardware implementation, the MSS results in fewer clock cycles per iteration than
the layered schedule for two reasons. First, all rows can be processed at the same
time for the MSS, while only a block of rows can be processed concurrently for the
layered schedule. Second, the proposed MSS with the shuffled sort algorithm simpli-
fies the CNP after init_sort is finished. In order to update the c-2-v messages in one

block column, only the updated v-2-c messages in the previous block column and
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old CMs are needed. As a result, the number of real value comparisons is reduced.

2.4 Shuffled Decoder Architecture

In this section, a shuffled decoder architecture with reduced memory consumption
and higher throughput is proposed for nonbinary QC-LDPC codes whose parity
check matrices consist of sub-matrices that are either the zero or shifted identity

matrices with nonzero entries replaced by elements of GF(q), where ¢ = 27.

2.4.1 Check Node Unit Architecture

The architecture of the proposed CNU which includes a top sorter and a path
constructor is shown in Fig. 2.4, where m denotes the quantization bits of an LLR
message and z = [log, d.|. The top sorter provides corresponding inputs for the path
constructor which implements Algorithm 2. Take check node ¢ as an example, the
top sorter in Fig. 2.4 computes CM((:(B using the IS algorithm at the initialization step.
It also computes CME?JFI forl =0,1,--- ,G — 1 using the SST algorithm during the
iteration process. Once CMS}) is available, the path constructor computes updated

c-2-v messages within block column [ using Algorithm 2.

The architecture of the proposed top sorter is shown in Fig. 2.5. It consists
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of a parallel porter (PS), two X x(m+p+z)-bits RAMs (RAMO and RAM1) used

to store CM&?, and a random memory address generator (RMAG). Each word of

RAMO and RAM1 stores an LLR value, the associated field symbol and index. At

the initialization step, the computation of cMY ¢ 1s carried out in d. rounds.

(0)

the first round, ¢y,,c and qu??C are copied into the corresponding location of RAMO.

Besides, the index values of each word of RAMO are set to 1. In the second round,

the temp results T((:?g as shown in Algorithm 4 is stored in RAM1. In the next round,

ng will be stored in RAMO. This repeats until CMSB is computed.
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The computation of CME?JFI can be implemented in the same way as the com-

®) — 1 as

putation of CM%. However, extra cycles are spend on testing whether e.; =

shown in Algorithm 5. Under the worst condition, n,, — 1 cycles are used on the

index testing. As shown in Fig. 2.6, a random memory address generator is pro-

(%)

posed to eliminate the cycles used in index testing during the computing of CM_7, ;.

(%)

elr1- Assuming

As a result, only X cycles are needed for the computation of CM
X =5, suppose we need to compute CM((:?l), and CMSB is stored in RAMO. Suppose
ec?g(l) = eg?g (3) = 0. Then the RMAG generates a read address sequence (0, 2, 4).

The RMAG first stores a binary sequence S; = (s1, 89, - ,8x), where s; = 1

if egcl) (i) = [, otherwise s; = 0. Then, S; is used to generate the read address

(*)

sequence for the computation of CM, /.

As shown in Fig. 2.6, at the initiation
step, Sp is computed and stored in registers Ag, Ay, -+, Ax_1, which are used to
generate read address sequence when computing of CMS?l) . Meanwhile, Sy are stored
in By, By, -+, Bx_1, which are used in the computation of CMS)Q) . This repeats until
the decoding of a codeword is finished. The First One Encoder outputs the smallest
i such that d; = 1. The one-hot Encoder (OE) in Fig. 2.6 outputs a binary sequence
(€o, €1, ,ex—_1), where e, = 1. e; = 0 if j # x. Here x is the decimal value of the
input of OE.

The proposed path constructor shown in Fig. 2.7 is almost the same as that
in [7] except: 1) the size of the CRAM is ¢ X w instead of n,, X w; 2) the maximum
of ré’i) is stored in MaxR; 3) part of the hardware in path construct will be used
in VNP. These improvements simplify VNP when only part of c-2-v messages are

(

stored. As shown in Fig. 2.7, rcﬁj) (i) is stored in the memory word whose address is

rs) (i)®h;} , where ® denotes multiplication over GF(g). According to Algorithm 2,
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Figure 2.7: Proposed Path Constructor Architecture

only n,, LLRs are generated. So ¢ — n,, words of CRAM are undefined. During the
VNP, CRAM outputs R.,(s) to VNU. If one VNU needs R.,(s), then the input
vsym in Fig. 2.7 equals s. If s € rséﬁ,) which is stored in n,, p-bit registers, then

CRAM(s) is sent to the output. Otherwise, CRAM(s) is not defined and MaxR is

sent to the output.

2.4.2 Variable Node Unit Architecture

The proposed VNU architecture is similar to that used in binary LDPC decoder [65].
As shown in Fig. 2.8, suppose the variable node degree is 4, a wx g RAM (TempRAM
in Fig. 2.8) is employed to store channel LLR values in the same way that c¢-2-v
values are stored in the CRAM in Fig. 2.7. For variable node v, the proposed VNU
computes the ¢ elements of @), . serially. Meanwhile, these g elements are sent to PS
which sorts out the n,, minimal LLRs and their corresponding field symbols. The
architecture of PS is similar to the sorter proposed in [10], and hence is omitted in

this chapter.
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Figure 2.8: Proposed VNU Architecture

2.4.3 Top Decoder Architecture

Considering a nonbinary QC-LDPC code whose parity-check matrix H can be di-
vided into r x t sub-matrices of dimension s x s. Accordingly, H can be divided
into ¢t block columns. The top architecture of the proposed shuffled decoder, shown
in Fig. 2.9, is a partly parallel architecture and hence has a similar top structure to
other partly parallel architectures (see, for example, [62,65]). M = r x s CNUs pro-
cess all rows concurrently. s VNUs process s columns concurrently. Two groups
of barrel shifters, BSO and BS1, implements the interconnection between VNU
and CNU. The barrel shifter BSO has s k-bit inputs and s k-bit outputs, where
k = m + [logy d,|. The barrel shifter BSO has s w-bit inputs and s u-bit outputs,
where u = max(m, ¢). The channel message RAM has two elements: LLR RAM and
its field symbol RAM. When a CNU needs to load messages from channel message
RAM, the LLR value and its associated field symbol will travel through BSO and
BS1, respectively.

The decoding schedule of the proposed shuffled decoder is shown in Fig. 2.10.
During the initial sort process, the CNU loads channel LLR messages to compute
CMSJO). It takes n, + (d. — 1)(X + 1) cycles to compute all X elements of CME?&.

Actually, the path construction (PCons) process can start two cycles later once
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Figure 2.9: Proposed shuffled decoder architecture for NB QC-LDPC codes

CMi?O)(l) is written into RAMO or RAM1. At the same time, the RMAG will
begin to store the indexes compare results (SICR) to register A;’s or B;’s in RMAG
once CMfg(l) is available. Since the path construction takes 2n,, cycles, the total
number of cycles used before iteration 1 is (d. — 2)(X + 1) + 3n,, + 2. After the
initialization process, the shuffled decoder enters into regular iterations. Considering
the processing of block column 0 during iteration 1, VNP updates the v-2-c messages
within block column 0. The updated v-2-c messages (qulc), qsg,lt);) are stored in the

PS. VNP takes ¢ cycles. The shuffle sort (SST) will begin once the VNP is finished.

@ because the RMAG eliminates the

c,1»

It takes only 1+ 1.5n,, cycles to compute CM
cycles used in index comparing. The Pcons process can start two cycles after the
SST starts. The number of cycles used for processing one block column then is just
2 + 2n,,, because SST and Pcons are conducted at the same time. The processing
of the other block columns is the same of that of block column 0. The total number
of cycles used for decoding one received word is (d. — 2)(X + 1) + 3n, +2 + d.(2 +

2N + V) Lo
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2.4.4 Implementation Results

A shuffled decoder architecture for an (837,726) QC-LDPC code over GF(2%) is im-
plemented. n,, and X are set to 16 and 24, respectively, to ensure good decoding
performance. Each LLR is represented by w = 5 bits with three integer and two
fractional bits. This quantization scheme introduces little error performance degra-
dation as shown in Fig. 2.2. Two stages of pipeline registers have been inserted as
shown in Fig. 2.9. The memories in CNU and VNU are implemented with register
files in order to improve the frequency that the decoder can work at. The decoder
is synthesized with Cadence RTL Compiler using an SMIC 130nm library. The syn-
thesis results are summarized in Table 2.1, where N, denotes the total number of
clock cycles required to decode one received word (assuming 15 iterations). Suppose
the clock frequency for a decoder is f MHz, then the corresponding throughput
of proposed shuffled decoder is (fNyRcode)/Neyeie, Where Nj, and R .qe denote the
equivalent code length counted by binary bit and code rate, respectively. The effi-
ciency in Table 2.1 is defined by the throughput-to-gate-count ratio (Mbps/Million
gates).

Implementations in [7,15,59] for the same (837, 726) nonbinary QC-LDPC code

are also shown in Table 2.1 (the results presented in [7] are based not on synthesis
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Table 2.1: Decoder Complexity Comparison for an (837, 726) LDPC Code over
GF(32)

\ [7] \ [59] \ [15] \ proposed
Iterations 15 15 15 15
N 16 32 8 16
Schedule layered | layered | layered MSS
Process (nm) N/A 180 90 130
Quantization bits 5) 5) 7 )
Frequency (MHz) 150 200 260 500
Neyeie 62240 | 53541 N/A 28215
Throughput (Mb/s) 10 16 29.0 64.3
Gate count (NAND) 1.27M | 1.37M | 3.28M | 2.13M
Efficiency (Mbps/Mil gates) | 7.87 11.67 8.84 30.18

but on estimation). The efficiency of the proposed decoder architecture is much
higher than these previous works. Compare with [59], the efficiency of our work is
almost 3 times of that in [59]. Even if the frequency of [59] doubles, our work is still
30% higher. The efficiency of our work is almost 4 times of that in [15] despite a
more advanced technology used in [15].

We remark that both the throughput and the efficiency assume that the decoding
takes 15 iterations. We adopt this definition for consistency, since the throughput
in [7,15,59] is also defined in the same fashion. While this definition reflects the worst
case instantaneous throughput of the decoder architecture, it does not account for
the convergence behavior of the decoding algorithm if early termination is enabled.
For the three codes in Fig. 2.3, the layered schedule reduces the required number of
iterations by less than 20% than the MSS. If we were to define the throughput to be
proportional to the number of iterations, our decoder architectures would still have

better throughput than those in [7,15,59].
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As shown in Table 2.1, the proposed decoder architecture needs much fewer
clock cycles than those in [7,59] based on the layered schedule. In addition to the
reasons discussed in introduction part, the improved throughput is also attributed
to two features of the proposed architecture. First, the RMAG reduces the number
of cycles used in the shuffled sorting and ensures that the path constructor always
gets some CMS}) without waiting. Second, as shown in Fig. 2.10, part of the path
construction and the shuffle sorting process can be carried out simultaneously to
increase the throughput.

The proposed (837, 726) (N, = 4185 bits) NB-LDPC decoder achieves a through-
put of 64.3 Mb/s and has a 13.28 mm? silicon area under 130nm technology, while
a (4608, 4096) binary LDPC decoder [65] achieves a throughput of 2.1 Gb/s and
has a 1.92 mm? silicon area under 65nm technology. This comparison indicates that
the decoding complexity and decoder architectures for NB-LDPC codes need to be

further improved.

2.5 Conclusion

In this chapter, we propose the shuffled and modified shuffled schedule of the Min-
Max decoding algorithm for NB-LDPC codes. Both the shuffled and modified shuf-
fled schedule have a slightly better error performance and converge faster than the
flooding schedule. Significantly reducing the complexity of check node processing,
the modified shuffled schedule leads to higher throughput and smaller memory re-
quirement while resulting in negligible degeneration in error performance and conver-

gence speed. Moreover, an efficient shuffled decoder architecture based on modified
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shuffled schedule for Quasi-Cyclic (QC) LDPC codes is also presented. With im-
proved CNU and VNU, the proposed decoder architecture needs much fewer clock
cycles to decoding a received word compared to state of arts design. The implemen-
tation of an (837, 726) LDPC decoder over GF(32) demonstrates the efficiency of

proposed architecture.
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Chapter 3

An Efficient Fully Parallel
Decoder Architecture for

Non-binary LDPC Codes

3.1 Introduction

Binary low-density parity-check (LDPC) codes are more and more popular in ap-
plications because of their capacity-approaching performance. In terms of perfor-
mance, binary LDPC codes start to show their weaknesses when the codeword length
is small or moderate, or when a higher order modulation is used. For these cases,
nonbinary LDPC (NB-LDPC) codes over high order Galois fields have shown great
potential [3,4]. For instance, in [1], a rate-1/2 NB-LDPC code of length 84 over
GF(64) is shown to perform 0.375dB better than a rate-1/2 binary irregular LDPC

code of equivalent length 504 bits in [5] over binary input additive white Gaussian
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noise (AWGN) channel. Over the QAM-AWGN channels, NB-LDPC codes with
a field order greater than or equal to the size of constellation have the advantage
that the encoder/decoder works directly with symbols. All mapping choices of the
codeword symbols to the constellation points are equivalent and lead to the same
performance. In [1], an NB-LDPC code over GF(256) performs 0.5dB better than a
rate-1/2 binary LDPC codes of the equivalent length 1008 bits over QAM256-AWGN
channel.

A significant obstacle to the application of NB-LDPC codes is that their de-
coding algorithms have high complexities. Hence, a lot of research effort has been
spent on efficient decoding algorithms for NB-LDPC codes [1,6]. Among them, the
EMS [1] and the Min-Max [6] algorithms draw a lot of attention because of their low
computation and memory complexity. For an NB-LDPC code over GF(2™), both
the EMS and the Min-Max algorithms store only the n,, (n,, < 2™) most reliable
messages, thus reducing the memory requirement at the cost of small performance
degradation. The check node processing of the EMS algorithm needs additions and
comparisons, while the Min-Max algorithm needs only maximizations and compar-
isons in check node processing. The trellis-based check node processing (TBCP)
algorithm [7] reduces the computational complexity of check node processing of the
Min-Max algorithm by eliminating unnecessary check-to-variable messages.

Besides the Min-Max and EMS decoding algorithms, stochastic decoding [2,8,9]
is another way to reduce the hardware complexity of NB-LDPC decoders while
maintaining the decoding performance. Compared to conventional belief propa-

gation decoding algorithms, the stochastic decoding algorithm has lower hardware

43



3.1. INTRODUCTION

complexity [9]. The relaxed half-stochastic decoding algorithm optimized for NB-
LPDC codes with variable node degree 2, called the RD2 algorithm, was proposed
in [8]. The RD2 decoding algorithm reduces the decoding complexity by reducing
the number of real multiplications significantly. An improved version of the RD2
algorithm, called the NoX decoding algorithm [2], is proposed to further reduce the
computational complexity.

Recently, a considerable amount of research effort has been spent on efficient
decoder architectures for NB-LDPC codes [9-17|. Existing NB-LDPC decoders still
suffer from low throughput and large hardware complexity. For example, a (248,
124) NB-LDPC decoder over GF(32) [15] achieves a throughput of 47.69 Mb/s at the
cost of 10.33 mm? silicon area under 90nm technology. An (837, 726) NB-LDPC
decoder [16] over GF(32) achieves a throughput of 60Mb/s at the cost of 1.29M
standard NAND gates using the 180nm technology. The FPGA implementation of
a (192, 96) stochastic AMSA decoder [9] over GF(256) achieves a throughput of
64Mb/s at the frequency of 108 MHz.

In this chapter, several improvements are proposed to reduce both the mem-
ory requirements and computational complexities of the Min-Max algorithm. A
fully parallel decoder architecture based on the proposed decoding algorithm is also

proposed. The main contributions of this chapter are as follows:

1. Based on the Min-Max algorithm, a reduced memory complexity trellis based
check node processing (RTBCP) algorithm is proposed.

2. A simplified algorithm is proposed to reduce the computational complexity
of variable node processing (VNP). As a result, compared with the RHS al-

gorithm in [2], a stochastic decoder, the proposed decoding algorithm needs
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fewer real multiplications but more real comparisons and finite field additions.

. For each a priori message, all LLRs except several most reliable ones are

approximated with a linear function. Two kinds of low complexity LLR gen-
eration units are also proposed for the approximation of the check-to-variable
(c-to-v) LLR and a priori LLR, respectively. With 5-bit quantization scheme
and n,, = 32, the areas of the two LGUs are 10.7% and 13.3%, respectively, of
that of an SRAM which stores an LLR vector under a 90nm CMOS technol-
ogy. A similar approach was proposed in [52] to approximate a priori LLR.

The main differences between our work and that in [52] are as follows:

e Besides the approximation of channel LLR vectors, we try to approximate

check-to-variable LLR vectors.

e A simplified variable node processing (SVNP) algorithm is proposed to

compensate the performance degradation caused by LLR approximation.

. A parallel check node unit (CNU) and a low-latency variable node unit (VNU)

are proposed. Based on the proposed CNU and VNU, an efficient fully parallel
decoder architecture is also proposed. A fully parallel NB-LDPC decoders
based on GF(256) is implemented with 28nm CMOS technology. The decoder
over GF(256) achieves a throughput of 546Mb/s and an energy efficiency of
0.178nJ/b/iter.

Since routing congestion tends to be challenging for fully parallel LDPC decoder

architectures, the proposed decoder architecture is not suitable for very long LDPC

codes. The proposed fully parallel decoder architecture is particularly advantageous

for NB-LDPC codes over large fields, since the memory reduction will be more
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significant when n,, is large.

The rest of this chapter is organized as follows. Section 3.2 reviews the TBCP
algorithm. The RTBCP algorithm as well as the simplified variable node processing
algorithm is proposed in Section 3.3. The parallel CNU architecture, the low-latency
VNU architecture and the fully parallel decoder architecture are proposed in Sec-
tion 3.4. The implementation results and comparisons are presented in Section 3.5.

The conclusions are drawn in Section 5.6.

3.2 TBCP algorithm

3.2.1 Trellis based check node processing algorithm

Let GF(2™) be a Galois field with 2™ elements. Let H = {h; ;} be a sparse parity
check matrix over GF(2™) with M rows and N columns. We focus on regular non-
binary LDPC codes, and hence assume H has constant row and column weights and
is an array of sparse circulants over GF(2™). Consider a check node ¢ and a variable
node v in the Tanner graph defined by H. Let £(v) denote the set of check nodes
adjacent to v, and 7(c) the set of variable nodes adjacent to c. For a € GF(2™), let
L,(a) be the a priori information of the variable node v concerning the symbol a.
For an LDPC code over GF(2™), check node processing is the most complex
part of the Min-Max algorithm [6,7]. The forward-backward approach [6] is widely
used in check node processing. However, both memory complexity and latency
are high for the forward-backward approach when the check node degree is high.

In [7], a TBCP algorithm is proposed to reduce the memory required by check
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node processing. Let d. be the check node degree of a check node c¢. The trun-
cated variable-to-check (v-to-c) message from a variable node v to a check node ¢
is (@, ¢£,c)> where ¢, . is an n,-dimension LLR vector and gbfjc is the associ-
ated n,,-dimension Galois field symbol vector. For the Min-Max algorithm, the first
element of @, ., ¢,c(0), is always zero. The TBCP algorithm [7] first merges the in-
coming d.(n,, — 1) nonzero LLRs in non-decreasing order as z.(0), z.(1),--- . Their
associated Galois field symbols are a.(0),a.(1),---, and they belong to variable
nodes with indices e.(0),e.(1),--- . For 1 < X < d.(n,, — 1), a truncated message
vector m. = {m.(0), m.(1),--- ,m.(X — 1)}, where m.(i) = (x.(7), a.(7), e.(2)) for
i=0,1,---,X — 1, is used by the path construction (PC) algorithm [7], shown in

Algorithm 6, to compute the updated c-to-v message (p,.,, pL,).

Algorithm 6: Path Construction Algorithm [7]
input :m.(i) i=0,1,--- X —1; 20 Qgum
output: pcyv(j),pév(j) for j=0,---,n, —1
Initialization:
pc,v(o) =0, PZ,U(O) = Qsum D Zc(v)vi =0,cnt =1, Pc,O = [07 0,--- 70]
while ent < n,, do

if e.(i) # v then

7 =cnt

for k=0to j—1do

o= pf,v(/f) D ze(ec(i)) © ()

if P.x(e.(i)) #1 and a ¢ pf}t then

Pew(cnt) = x.(i); pév(cnt) =
P, oni(ec(i)) =1

P.cnt(8) = P.y(s) for s # e.(i)
ent =cnt + 1

1=1+1

As shown in Algorithm 6, z.(v) = ¢f .(0) for v € 7(c) = {vo,v1, -+ ,vq—1} and
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Olsum = szzcljol z:(v). Algorithm 6 assumes a check node ¢ and deals with variable
node v € 7(c). P.cn, which stores the constructed path, is a d.-dimension vector
over GF(2). @& denotes addition over Galois field GF(2™). The constructed n,,
LLRs are picked from the sorted list z.(i), and stored in p,,. Their associated
Galois field symbols are stored in pf,. X is set to 1.5n, [7] so that at least np,
LLRs are generated for p, . Suppose L is the number of times that the codes within
the for loop (lines 6 to 11) in Algorithm 6 are executed. In [7], L = 2n,,.

The TBCP algorithm [7] computes all n,, elements of a c-to-v message in serial.
The LLR and corresponding Galois field symbol of the most reliable element are
computed. The corresponding path information is also stored. Based on the path
information of the first element, the TBCP algorithm computes the LLR and Galois
field symbol of the second most reliable element. The third element is computed
based on the path information of the previous two elements. The process repeats
until all n,, elements of a c-to-v message are computed. The LLR vector of a c-to-v

message is sorted in non-decreasing order once all n,, elements are computed.

3.3 Improved Decoding Algorithm for NB-LDPC

Codes

3.3.1 RTBCP algorithm

In this section, a reduced complexity trellis based check node processing (RTBCP)
algorithm is proposed to reduce the complexity of check node processing further.

For a check node ¢, by observing the X LLR magnitudes of m,, it is found that these
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LLRs come from the first few elements of all d. connected v-to-c messages. As a
result, one can store only n, (n, < n,,) elements for each truncated v-to-c message.
Usually, n, should satisfy that d.n, > X where d. is the check node degree. The
detailed value of n, can be determined by performance simulation. When d,. is large,
n, could be much smaller than n,,. Since only n, elements are needed, the memory
for v-to-c messages can be further reduced. Besides, normally, a length n,, parallel
sorter [10] is used to store the n,, minimum LLRs and sort them in non-decreasing
order. It will need a length n, parallel sorter if only n, elements are stored. Thus,

the overall hardware cost is further reduced.

4.0+
YYY VY VYV VYV VVVVYVYYY
3.5 /
3.0 F S
2.5
s
3 f
= 154 |
104 —»— jteration 1|
054 —— iteration 2|
—— iteration 3|
0.0 —v— iteration 4
'0-5 T T T T T T T T 1
0 5 10 15 20 25 30 35
index j

Figure 3.1: LLR evolution

Studying the magnitudes among the truncated n,, LLRs of a c-to-v message, it is
found that the LLR vector can be approximated using a piece-wise linear function.
In Fig. 3.1, we plot the LLR evolution of a randomly picked c-to-v message during
the decoding of a (110, 88) QC-LDPC code over GF(256) [66] under BPSK-AWGN
channel. The signal to noise ratio (SNR) is 3.9dB. These LLRs are computed using

the PC algorithm in [7] with n,,, = 32. Asshown in Fig. 3.1, these LLRs demonstrate
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piece-wise linearity during each iteration (a similar behavior is also demonstrated

by the LLRs for other SNR values).
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Figure 3.2: LLR approximation when n,, = 32

Since the n,, LLRs of p_, are generated in serial in Algorithm 6, we propose to
store only 0., = pcv(nm — 1) and M., = p.(n.) during the while loop in Algo-
rithm 6, where n.. is a parameter that can be determined by performance simulation.
Once the while loop is finished, the approximated LLR vector are computed with
the piece-wise linear function shown in Eq. (3.1), where n and [ are scaling param-
eters to make the piece-wise interpolation more accurate. As shown in Fig. 3.2, we

approximate all the elements of an LLR vector using a piece-wise linear function:

o Ut j < ne
Pen(]) = R | (3.1)
My + 5 c;(nm;v (J—1ne) J>ne,

where F(r) = 2M°&271 Note that the divisions in Eq. (3.1) can be implemented
with bit shifting. If n. = 0, then all LLRs are approximated with a linear function.

When an LLR element is needed, it is computed using Eq. (3.1). This reduces the
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memory required to store the LLR vector for c-to-v messages.

Based on the above discussions, an improved path construction (IPC) algorithm
is also proposed as part of the RTBCP algorithm. The IPC algorithm differs from
the PC algorithm in [7] at two aspects. First, the if block in Algorithm 6 (lines 7 to
11) is changed to that shown in Algorithm 7, where each path p .. is represented
by an integer index instead of a d.-dimension binary vector. Besides, p.o = d, for
the proposed IPC algorithm. For hardware implementations of the proposed IPC
algorithm, it needs only ¢ bits to store an integer index, where ¢ = log, d. + 1 if d.
is a power of 2, and ¢t = [log, d.]| if d. is not a power of 2. Besides, the process to
decide whether z.(7) is an element of p,, is also simplified. In addition, the number
of elements in the truncated message vector m, used in Algorithm 6, X, is reduced
to n,,. For the proposed IPC algorithm, the number of loops of Algorithm 6, L, can
be smaller than 2n,,. Second, when the while loop of Algorithm 6 is finished, all n,,

LLR elements are computed using Eq. (3.1).

Algorithm 7: Improved if block
if por # e.(i) and o & piit then
if ent = n. then M., = 2.(7)
Oc = wc(0); p{iv(cnt) =

DPe,ent = Gc(i); cnt =cnt + 1

3.3.2 LLR compression for a prior: messages

Similar to the piece-wise linear approximation of the LLR vector of a c-to-v message,
part of the LLR vector of a a priori message can also be approximated by its

linear interpolation. Let L, = (L,(0), L,(1), -, Ly(n, — 1)) be the sorted LLR
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vector estimated from the channel for a variable node v. The approximated LLR
vector is Ly = (Ly(0), Ly(1), - -+, Ly(nm, — 1)), where L,(k) = L.(k) for k < n; and

Ly(k) = Le(ng) + Ay(k — ny) for k > n;. Here A, = ﬂvL“("m;(ln)m_)L“("’) and 3, is a

scaling parameter. For hardware implementations, only n; (n; < n,,) LLRs and A,

are stored.

3.3.3 Simplified variable node processing algorithm

In this chapter, a simplified variable node processing (SVNP) algorithm is proposed
in Algorithm 8, where d, is the degree for a variable node v, and (p,,, p{ ,) for
i=0,1,---,d, — 1 are d, c-to-v messages sent to variable node v. p, , = f;v, and
pf;“v — L/, where L/ is the corresponding Galois field symbol vector of the a priori
LLR vector ]31, for a variable node v. hgy, hiy, -, ha,—1,» are d, nonzero Galois
field symbols associated with variable node v.

The FindLLR function returns p, (k) such that h, ,F;; = p{;ﬂ)(kz) for 0 <w <
de. For w = d., the FindLLR function returns p,,(k) such that F; = pf (k).
When w < d, if hyoFi; & pﬁw, the FindLLR function returns v6,,,, where ~y
is a correction factor and 0,,, is defined above. When w = d,, if F,; & p{:’v,
O = iv(nm —1). [; fori=0,1,---,d, are d, + 1 integer parameters. The SORT
function sorts R;,, which has at most lg, = Z?io li (lsym < my,) LLR elements,
in non-decreasing order and stores the n, minimal LLRs and their corresponding
Galois field symbols in ¢, ; and qbf;i, respectively.

The proposed SVNP algorithm first serially computes at most [, elements of a

v-to-¢ message. Among them, only n,(n, < n,) most reliable elements are stored.

Thus, both the memory requirement and the computation complexity are reduced.
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Algorithm 8: SVNP algorithm
inplIt : (poﬂja pg,v)a T (pdmw ng,v)§ l’MZ = 07 ]-a e 7d?);
hi,’uai :()717"' adv -1
output: (¢, gz’)g’i),i =0,1,---,d,— 1
Initialization: S, =0;R;, =0, RS;, =0,i=0,1,--- ,d, — 1;
for i =0 to d, do
for j=0tol; —1do
if i <d, then F;=h; pl,(j);

2,V

else Fy; = pf,(j);
if F;; ¢ S, then
push F;; into Sy;
for w =0 to d, do
| tw =FindLLR(E}j, pyy: P);

forw=0tod,—1do

push (325, ty) — tw) into Ry.;
push F; ; into RSy, .;

fori:=0tod,—1do
t (d)v,ia ¢£,z) = SORT(R’L,'LH RSZ,'U)J

For the VNP algorithm in [1], all the elements of the incoming c-to-v messages are
needed for a round of variable node processing. However, for each incoming c-to-v
message, only part of its elements are needed for variable node processing when
using the SVNP algorithm.

For a round of variable node processing of a variable node v, the computational
complexities of the proposed SVNP algorithm and the VNP algorithm in [1] are
dominated by real value additions and comparisons. Hence, we compare the numbers
of real additions and comparisons of these two algorithms in Table 3.1. Since n, <
Ny, and lgym < N,y,, the numbers of real comparisons and additions of the VNP

algorithm in [1] are more than (3 — d%)% and 3 — d% (?’dg—v_‘l > 1 when d, > 2) times,
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respectively, of those of the proposed SVNP algorithm.

Table 3.1: Computational complexity comparison between the proposed SVNP and
the VNP algorithm in [1]

[ 0 [ SVNP
real comparisons | (3d, — 4)n;, logs(2n) | dyny 10gs Lsum
real additions (3d, — 4)2n,, dyp2lsum

The complexity reduction brought by the SVNP algorithm is not obvious ac-
cording to Table 3.1. This is because (3d, — 4) = d, when d, = 2. Under this
condition, the advantage of the SVNP algorithm depends on the specific values of
n, and lg,,, which in turn are selected by performance simulation. Thus, when
d, = 2 the advantage of SVNP algorithm may be code specific.

In Table 3.2, we compare the computational complexity per decoding iteration
of the proposed improved decoding algorithm (IDA) with that of the RHS algorithm
in [2], a stochastic decoder. For the proposed IDA, the computational complexity
of the proposed IPC algorithm depends on the v-to-c messages. To be conservative,
the maximal computational complexity of the IPC algorithm is assumed. As shown
in Table 3.2, compared with the RHS algorithm, the proposed IDA needs fewer
real multiplications but more real comparisons and additions over GF(2™). When
lsum < 2™, the proposed IDA needs fewer real additions than the RHS algorithm.
lsum could be smaller than 2™, as its value is determined by the decoding performance

simulation.

3.3.4 Numerical results

We compare the error performance of the proposed IPC and SVNP algorithms with
that of the original PC and VNP algorithm for a (110, 88) NB-LDPC code over
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Table 3.2: Computational complexity comparison between the improved decoding
algorithm and the RHS algorithm in [2]

|  RHS 2] | proposed IDA
. Ndvnv 10g2 lsum+
real comparisons 0 OMd.n2,
real additions 2Nd, 2™ 2Ndylgum
real multiplications | N(3d, — 4)2™ Md.(ny, —2)
GF(2™) additions M(2d. —2) 2Md.n?,

GF(256) [66] with variable node degree 2 and check node degree 10 under the BPSK-
AWGN channel. In our simulations, n,, = 32, the maximal number of iterations is
30, and the flooding schedule is used. The resulting bit error rate (BER) and frame
error rate (FER) are shown in Fig. 3.3 and Fig. 3.4, respectively, where PC-VNP
denotes the decoding algorithm with the original PC algorithm and variable node
processing algorithm in [1].

10° N

N
10" ¥

10° <
4| —0— PC-VNP L=64 floating 4§
| —¢— PC-(4.410)-8 L=64 floating N
| —2—1PCo-VNP L=64 floating R\
10" 31 —— IPC3-VNP L=64 floating X
3l —<—1PC3-(2,2,10)-8 L=64 floating ¢
1l —>— IPC3-(2,2,10)-6 L=64 floating ¥
—O— Min-Max floating
107 4| —o— IPC3-(4,4,10)-8 L=64 fixed W
3l —o—1PC0-(4,4,10)-8 L=50 fixed
4 —=—1Pco-(2,2,10)-8 L=64 fixed
0° 1 —o—1Pco-(2,2,10)-8 L=64 fixed
T T T T T T
32 34 36 38 4.0 42 4.4
SNR

BER

Figure 3.3: BER performance of the (110, 88) NB-LDPC code over GF(256)

In Fig. 3.3, L denotes the number of loops required by the corresponding IPC
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Figure 3.4: FER performance of the (110, 88) NB-LDPC code over GF(256)

algorithm. PC-(i, j, k)-w denotes the decoding algorithm with the original PC al-
gorithm and proposed SVNP algorithm with Iy = 4, [y = j, [ = k and n, = w.
IPCe-VNP denotes the decoding algorithm that employs the proposed IPC algo-
rithm with n. = e and the VNP algorithm in [1]. IPCe-(i,j, k)-w denotes the
decoding algorithm with the proposed IPC algorithm with n. = e and the proposed
SVNP algorithm with [y = ¢, [y = 7, [ = k and n, = w. For IPCO0, g = 1.25. For
IPC3, n = 1.25,5 = 1.75. v = 1.25 for all simulated algorithms. For all IPCe-
(1, 7, k)-w algorithms, part of each a priori LLR messages are linearly approximated
with n; = 4 and 8, = 1. For fixed point simulations, a (4,1) quantization scheme
is used, where four bits and one bit are used to represent the integer and fraction
parts of an LLR, respectively.

Based on the results shown in Fig. 3.3, several observations are made as follows:

1. The BER performance of the PC-VNP and PC-(4, 4, 10)-8 are nearly the same.
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The proposed SVNP algorithm does not introduce noticeable performance

degradation.

. The IPCO-VNP decoding algorithm shows an early error floor, while the BER

performance of the IPC3-VNP is even better than that of the PC-VNP algo-

rithm.

. The BER performance of the IPC3-(2, 2, 15)-8 is better than that of the PC-

VNP and IPCO0-(2, 2, 10)-8 decoding algorithms. The decoding performance

of IPC3-(2, 2, 15)-8 is close to that of original Min-Max floating algorithm.

. The IPCO0-(2, 2, 10)-8 decoding algorithm performs better than the PC-VNP

and [PCO-VNP decoding algorithms.

. Reducing the number of loops used by the IPC algorithm will worsen the

corresponding decoding performance.

. For decoding algorithms that employ the SVNP algorithm, n, should be large

enough to maintain decoding performance.

Both the IPC3-VNP and IPC3-(2, 2, 15)-8 decoding algorithms perform better

than the PC-VNP algorithm. Since the propose LLR approximation can also be

viewed as a non-uniform scaling technique, the improved decoding performance can

be attributed to the non-uniform scaling of each element in an LLR vector. As is

well known, for binary LDPC codes, the scaling technique has been used to improve

the decoding performance of the Min-Sum algorithm [67].

The early error floor of the IPCO-VNP decoding algorithm may come from the

inaccurate LLR approximation of the IPCO algorithm. The performance of the

IPCO-VNP algorithm is improved when the VNP algorithm is replaced with the

proposed SVNP algorithm. On the other hand, the performance of the IPC3-VNP
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algorithm and the IPC3-(2, 2, 15)-8 algorithm are almost the same. With proper
value for each [;, it seems that the SVNP is less sensitive to the LLR deviation
caused by the LLR approximation of the IPCO algorithm. A conceptual explanation
is shown as follows.

Take the IPCO0-(2, 2, 10)-8 decoding algorithm as an example, where [y = 2,
[y = 2 and [y = 10. It is possible that the transmitted code symbol for variable node v
lies in the first several elements in i{f, which is the corresponding Galois field symbol
vector of the sorted LLR vector L,. For IPCO algorithm, the LLR approximation
is not accurate enough. As a result, during variable node processing, the SVNP
algorithm considers only the few most reliable symbols and their associated LLRs
for each c-to-v message sent to variable node v. For these LLRs, the approximation
error tends to be small. On the other hand, the SVNP algorithm considers more
symbols from I:{j . In this way, symbols with approximated LLRs, which may degrade
the decoding performance, are excluded from variable node processing.

The proposed IPC and SVNP algorithms are also applied to a (372, 248) (d, = 4)
quasi-cyclic NB-LDPC (QC-NB-LDPC) code over GF(32) [68]. For both PC and
IPC algorithms, n,, = 8. For IPCO-(1, 1, 1, 1, 6)-5 and IPC1-(1, 1, 1, 1, 6)-5
algorithms, n, = 5,n;y = 4. As shown in Fig. 3.5, the BER performance of the
IPCO-(1, 1, 1, 1, 6)-5 and IPC1-(1, 1, 1, 1, 6)-5 algorithms is nearly the same as
that of the PC-VNP algorithm. Compared to original Min-Max floating algorithm,
IPC1-(1, 1, 1, 1, 6)-5 has 0.1dB performance degradation. The BER and FER
performance is shown in Fig. 3.5 and Fig. 3.6. For the fixed point simulation, a
(4,1) quantization scheme is used, where four bits and one bit are used to represent

the integer and faction parts of an LLR, respectively. For the (372, 248) code, the
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Figure 3.5: BER performance of the (372, 248) NB-LDPC code over GF(32)

IPCO-VNP algorithm does not show an early error floor.

3.4 Fully Parallel Decoder Architecture

3.4.1 Top decoder architecture

Suppose there are M rows and N columns in the parity-check matrix. As shown in
Fig. 5.5, the proposed decoder architecture employs M CNUs and N VNUs. The

main characteristics of proposed fully parallel decoder architecture are as follows:

1. Check node processing and variable node processing are interleaved. During
check (variable, respectively) node processing, all rows (columns, respectively)

of the parity check matrix are processed simultaneously.

2. For both c-to-v and v-to-c messages, each message element is transmitted in
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Figure 3.6: FER performance of the (372, 248) NB-LDPC code over GF(32)
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Figure 3.7: Proposed fully parallel decoder architecture

serial via the CNU-to-VNU (C2V) or VNU-to-CNU (V2C) interconnection
networks, respectively. The C2V and V2C networks can be hard wires to
connect CNUs and VNUs. If multiple quasi-cyclic NB-LDPC (QC-NB-LDPC)

codes need to be supported, barrel shifters can be used instead.

3. For each c-to-v message, the LLR vector, which has n,, LLR elements, is not
stored. Instead, only one or two LLRs are stored, and the others are computed

on-the-fly.
4. The proposed fully parallel decoder architecture is suitable for moderate or
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short length (around 10% bits) NB-LDPC codes over large fields.

3.4.2 Parallel CNU architecture

In this chapter, a parallel check node unit (CNU) is proposed for the proposed fully
parallel decoder architecture. The top architecture of the proposed CNU is shown
in Fig. 3.8, where m is the bit width of a Galois symbol, p is the number of the
quantization bits, r = [log, d,| + p is the number of the quantization bits of the
LLRs sent to CNU, t is the bit width of the index. For a check node ¢, the proposed
CNU is capable of computing all the corresponding c-to-v messages, which are sent

from c¢, in parallel. For each c-to-v message, the n,, elements are computed in serial.

4 R

e ™ LLR
VLIR ¢ o, O Sym T

ldx "D LLROut
z

CLLR . top 7R path m
CSym sorter | ¢um P constructor

AN / p

. /

Figure 3.8: Parallel CNU architecture

As shown in Fig. 3.8, the parallel CNU for a check node ¢ consists of d,. parallel
sorters (PS), d. path constructors (PC), a minimal LLR finder (MLF) and a trun-
cated message register group (TMR). The proposed parallel CNU engages in both
check node processing and variable node processing. During variable node process-
ing, d. v-to-c messages are sent to CNU in parallel. Take PS; as an example, it
receives each element of the incoming v-to-c message in serial. Meanwhile, PS; sorts
out the n, minimum LLRs and their corresponding Galois field symbols from the

received v-to-c message. During check node processing, the MLF unit computes the
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truncated message vector m.. The X elements of m,. are computed in serial and
stored in the TMR. At the same time, d. path constructors compute d. updated
c-to-v messages in parallel based on the proposed IPC algorithm. The computing
of m. and d. c-to-v messages are performed at the same time.

The architecture of the parallel sorter PS;, shown in Fig. 3.9, is similar to that
in [10]. The n, sorted LLRs and their corresponding Galois field symbols are stored
in LLR registers (LR) and symbol registers (SR), respectively. As shown in Fig. 3.9,
the mode signal configures the function of the PS. During variable node processing,
the PS acts as the parallel sorter in [10]. However, the PS acts as a shift regis-
ter group during check node processing. During check node processing, if shift; is

enabled, the shifting operations of LR; and SR; are defined as L;; = L; ;1 and

Si; = Sij+1, respectively, for j =1,2,---  n, — 2.
r LI N
m SII LR; ‘ Li,nv—l “ L,‘)l ‘ L,-,o %_ ‘*’b LOI
mode )
shift; SR;|[ Sinc1] ] S{.l | Sio \‘ FM

Figure 3.9: Parallel sorter architecture

The minimal LLR finder (MLF) unit computes the minimal LLR, the corre-
sponding Galois field symbol and index based on its inputs messages. Suppose the
number of input messages is 8, the macro architecture of the MLF unit is shown
in Fig. 3.10. Each input message I; in Fig. 3.10 consists of three parts: the LLR
LO;, the corresponding Galois field symbol SO;, and the associated index idx;. The
MLF unit outputs the input message with the smallest LLR. The MLF unit is a
tree of compare-and-select (CAS) units. Each CAS unit has two input messages and

outputs the one with a smaller LLR.
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Figure 3.10: The macro architecture of MLF when the number of input is 8

It takes X cycles for the proposed MLF to compute all X elements of the trun-
cated message vector m.. Once the minimal n, LLRs are sorted out, m.(0) =
(2:(0), @.(0), e.(0)) is computed by the MLF unit. Meanwhile, if the output index
e.(0) = k(0 < k < d. — 1), then shifty is enabled to shift both the LRy and SRy
by one step at the next clock. Once LR, and SR, have been shifted, the MLF unit
computes m.(1) and generates the corresponding shift signal. This repeats until all
X elements of m, are generated. Once an element of m, is computed, it is stored
in the TMR, which consists of n,, (p + m + t)-bit registers. The truncated message
element m.(7) is stored in the i-th location. All the PC units within a CNU can
access the message stored in any location of the TMR simultaneously.

The path constructor unit computes updated c-to-v message (p,.,, pév) based
on the propose IPC algorithm. Take PC; as an example, the architecture of the
proposed PC unit is shown in Fig. 3.11, where sum = Z?;Bl Sio, and s = [logy Ny, |
is the width of the write and read address for the symbol register group (SRG) with
n,, total locations. During the computing of the first element of a c-to-v message,

the initial load (IL) signal equals 1 and ZS = S;,. For the computing of other
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elements, ZS = S, where I = e.(j;), and j; is the location index of the truncated
message element in the TMR that is read by PC;. The index register group (IRG),
which contains n,, t-bit registers, stores n,, paths: p;o,pi1, -, Dinn.—1. Each path
is represented by a t-bit integer as shown in Algorithm 7. The SRG, which contains
n,, m-bit registers, stores the Galois field symbol vector, pév. The SRG also tests
whether the input symbol (symln;) has already been stored. The proposed PC
unit reads the truncated messages from the TMR and computes the corresponding
updated c-to-v message in 2n,, cycles. Compared to the path constructor in [7], the

hardware complexity of proposed PC unit is reduced for several reasons:

1. The memory used to store all n,, paths is reduced. In [7], it needs n,,d. bits
to store all n,, paths. However, the proposed PC needs only n,,t bits, where

t =logyd, + 1if d. is a power of 2, and ¢t = [log, d.] if d. is not a power of 2.

2. It is easier to determine whether z.(j;) is an LLR element of the updated
c-to-v message. As shown in Fig. 3.11, it only needs to compare whether two
indices are the same. In contrast, the PC unit in [7] needs to first encode the

t-bit index into a d.-bit binary sequence and then do the bit-test operation.

3. Due to LLR approximation, the proposed PC does not need an LLR RAM to
store the LLR vector of the updated c-to-v message. The PC shown in Fig. 3.11
adopts the approximation scheme with n. = 0. Thus, only the maximal LLR

0. is stored in the p-bit register, MR, shown in Fig. 3.11.

The SRG unit in CNU is moved to VNU in order to avoid the global connection

wires between different CNUs. This will be discussed in Sections 3.4.3 and 3.4.4.
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Figure 3.11: Path constructor architecture

For the proposed CNU, all PC units can access any element of the TMR simul-
taneously. The check node processing can be initiated once the n, LLR elements
are sorted out. From m.(0), each PC unit processes at most one element of m,
sequentially during each cycle. On the other hand, The MLF unit generates one
new element of m. during each cycle. As a result, the PC units and MLF unit can
work simultaneously. Thus, it takes L(L < 2n,,) cycles to finish a round of check

node processing.

3.4.3 Low-latency VNU architecture

Many previous works [7,15] on the NB-LDPC decoder architecture focus on the
simplification of check node processing. However, variable node processing of current
NB-LDPC decoders has not been carefully examined. The variable node processing
for one layer takes 2n,, cycles for the VNUs in [7,15]. A low latency VNP algorithm
is proposed in [69] to reduce the cycles from 2n,, to Lg_yn+ny,, where Lg_yy < ng,.
However, the VNP algorithm in [69] works for the layered schedule. Usually, the
variable node processing for different layers are performed in serial, which leads to

reduced throughput.
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In this chapter, based on the proposed SVNP algorithm, a low-latency VNU
architecture is proposed to reduce the number of cycles used by variable node pro-
cessing. The proposed low-latency VNU architecture works for the flooding or shuf-
fled schedule. During an iteration, it takes only I, cycles to finish variable node
processing for each variable node. For each c-to-v message sent to a variable node
v, only a fraction of the n,, elements are used in variable node processing. Besides,
it still needs a fraction of the n,, elements of each channel message during variable

node processing.

Figure 3.12: VNU architecture assuming d, = 2

For a variable node v, suppose the variable node degree d, = 2, the proposed
VNU architecture is shown in Fig. 3.12. The VNU architecture for other d, values is
similar. The proposed VNU computes d, temporary v-to-c messages (R p, RSu)
for w=20,1,---,d, — 1 as shown in Algorithm 8. Each temporary v-to-c message
has at most [y, elements, which are serially sent to the corresponding parallel
sorters in the CNU. As shown in Fig. 3.12, two symbol register groups, SRGy and
SRG1, store the Galois field symbol vector for the c-to-v messages sent to v. Take
SRGq as an example, the input multiplexors select cnuSymlIny and cnuRA as its
Galois field symbol input and read address during check node processing. cnuSymlny

and cnuRAq are driven by symIn and RA in the corresponding PC unit shown in
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Fig. 3.11, respectively. The Galois field symbol vector for the a priori message
concerning v is stored in SRGs. The output sa; is the address of the input Galois
field symbol in SRG;. If the the input symbol has not been stored in SRG;, sa; =
Ny — 1.

Based on the Galois field symbol vector stored in SRG, the proposed VNU per-
forms variable node processing. Not all n,, elements of the LLR vector of a c-to-v
message are stored. Instead, at most two LLR elements are stored since the use
of the IPC algorithm. During variable node processing, each LLR element is com-
puted on-the-fly based on Eq. (3.1). This LLR approximation approach reduces the
memory required to store c-to-v messages. The LLR generation unit (LGU) com-
putes the corresponding approximated LLR for c-to-v messages. The channel LLR
generation unit (CGU) computes the approximated LLR for a priori message based
on the approximation scheme proposed in Section 3.3.2. Suppose lgym = lo + 11 + [>

for d, = 2, variable node processing is carried out as follows:

1. The input multiplexors select vhuRA, as the read address of SRGO. The
address signal, vinuRA, goes from 0 to [p — 1, and is increased by 1 each cycle.
The corresponding Galois field symbol output is sog. The input multiplexors
of SRG1 and SRG2 select sij o and sip as the symbol inputs, respectively.
Here, siy g = sophy/ho and sizg = sog/hg, where hy and hy are the non-zero
Galois field symbol in the v-th column of the parity-check matrix. The output

multiplexor of SRGO selects vinuRA  as the address input of LGUj.

2. The output multiplexors of SRG1 and SRG2 select sa; and say as the address

inputs of LGU; and CGU, respectively.
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3. Similar read operations will be applied to SRG1 and SRG2 in serial. vinuRA;
and vnuRA, will go from 0 to [; — 1 and 0 to [y — 1, respectively. The reading
behavior of the SRGs during a round of variable node processing is shown in
Fig. 3.13. Besides, sip; = so1hg/h1, sip2 = so2hg, sijo = soghy and siy; =
so1/hy, where so; and so, are the symbol output of SRG1 and SRG2, respec-

tively.

cock[ L [ - [ L[ L ] 1L LJIT-T1]

lag< 0 > -+ X1 sag sag
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lazf saz sa;
Read SRGO Read SRG1 Read SRG2

Figure 3.13: Reading behavior of the SRGs during the variable node processing

Suppose n,, = 32 and 5-bit quantization scheme is used. Based on the scaling
factors proposed in Section 3.3.4, we propose two low complexity LGUs for n. = 0
and 3, respectively. The LGU for n. = 0 is shown in Fig. 3.14(a), where maxLLR
is the maximum LLR stored during check node processing. The SCO unit first
multiplies the input by /3, then divides the product by F(n,,), where F(n,,) is a
power of 2. The division in SCO is just bit shifting. The output of SCO has 7 bits
for the fraction part. In the proposed LGU, only one bit is kept for the fraction
part. The STO unit returns the maximal value in the quantization range if the
input is saturated. Otherwise, the output of STO is the same as the input. The
LGU for n. = 3, shown in Fig. 3.14(b), is more complex than that for n. = 0 and
needs both fixed-point multiplication and addition. M. ,, shown in Algorithm 7, is

another stored LLR. When the index is no greater than n., the SC1 unit multiplies
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the input with 7. Otherwise, the input of SC1 is multiplied with g. The product
is then divided by F(n.) or F'(n,,) using bit shifting. The functionality of ST1 is
similar to that of ST0O. In addition, we also propose the CGU using the scaling
parameters from Section 3.3.4. As shown in Fig. 3.15, the architecture of CGU is
similar to that of LGU. The DEC unit in Fig. 3.15 generates the select signal for

the multiplexer in the CGU.
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Figure 3.14: Architectures of the proposed LGUs
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Figure 3.15: Architectures of the proposed CGU

Since n,, = 32 5-bit LLRs need to be stored for the PC algorithm in [7], we
also synthesize the proposed LGUs and compare the synthesis results with that of
a (32 x 5)-bit SRAM module under a 90nm CMOS technology in Table 3.3. The
SRAM is built with a register file using a memory compiler. LGU-0 and LGU-3
denote the LGU unit with n, = 0 and n. = 3, respectively, and CGU-4 denotes

the CGU unit with n; = 4. The areas of the proposed LGUs and CGU are only
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a fraction of that of an SRAM storing 32 LLRs while maintaining the same clock

rate.

Table 3.3: Comparisons of LGUs and CGU with a 32x5 SRAM.

[ SRAM [ LGU-0 [ LGU-3 | CGU-3

Frequency (MHz) 400 400 400 400
area (um?) 7801 835 1031 1217
gate count 2763 295 365 431

3.4.4 Decoding schedule, decoder throughput, and inter-

connection

The decoding schedule of the proposed fully parallel decoder is simple. Take d, = 2
as an example, at the beginning of decoding, each a priori message is loaded into
SRGs in its corresponding VNU. The compressed LLR messages are stored in the
CGU. At the same time, each message pair, which consists of an LLR and its
related Galois field symbol, is sent to the corresponding PS unit through the V2C
interconnection network. The loading of a priori messages takes n,, cycles. Check
node processing begins once the loading of a prior: messages is finished. The c-to-v
messages and the compressed message vector m, are updated at the same time,
since the MLF unit generates the elements of m. at a speed higher than the speed
at which the elements of m. are consumed by the PC unit. A round of check node
processing takes L cycles.

Variable node processing starts once check node processing is finished, and takes
lsum cycles. In order to improve the decoder’s clock frequency, P stages of pipeline
registers are inserted in the VNU. Each element of the computed v-to-c messages is

sent to the corresponding PS unit. For each v-to-c message, only the n, minimum
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LLRs and their corresponding Galois filed symbols are stored in a non-decreasing
order in the corresponding PS unit. As a result, it takes L + ls,,, cycles to finish an

iteration. The throughput T of the proposed fully parallel decoder is given by

NmRf
T = : 3.2
Ni(L + lsym + P) (3:2)

where R is the code rate, f the clock rate, and N; the number of iterations.

Since the SRGs of each PC unit are moved to the corresponding VNU to avoid
global interconnection between different CNUs, the input control signals for the SRG
during check node processing are transmitted form CNUs to VNUs through the C2V
interconnection network. The output signal of the SRG that engages in the path
construction is transmitted through the V2C interconnection network. As shown in
Fig. 3.11, the control signals of the SRG during check node processing include: the
write and read addresses, the symbol input, and the write enable signal. The output
signals that go through the V2C network are exist; and so;. As a result, the bus
width of each message that goes from CNUs to VNUs is by = max(m+p, m+2s+1),
where s = [log, n,, | is the width of the read and write address. The bus width of
each message that goes from VNUs to CNUs is by = m+r-+1, where r = [log, d, | +p
is the number of bits used to represent an output LLR of VNU.

It is well known that the main obstacle of the fully parallel decoder architec-
ture for binary LDPC codes is the routing congestion [70]. However, the routing
congestion for the proposed fully parallel NB-LDPC decoder architecture is allevi-
ated. The routing congestion is mainly determined by the number of the global

interconnection wires that connect between CNUs and VNUs and by the numbers
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of CNUs and VNUs instantiated in the decoder. For a binary (V,, M;) LDPC code
with average variable node degree d,,, the fully parallel decoder in [70] needs M,
CNUs and N, VNUs, and the number of edges in the corresponding Tanner graph is
Nyd,. As a result, the number of the global interconnection wire is 2Nyd,p, where p
is the number of the quantization bits. For a NB-LDPC code over GF(2™) with the
same code length and code rate, the proposed fully parallel decoder will be easier
to route since the numbers of CNUs and VNUs are reduced to M,/m and N,/m,
respectively. Hence the number of the global interconnection wires is reduced to
Nyd,(bo + b1)/m for the proposed decoder architecture.

It has been shown that for large fields (2 > 64), the best NB-LDPC codes de-
coded with belief propagation should be ultra sparse (cyclic codes, d, = 2) [71]. The
proposed fully parallel decoder architecture is especially suitable for such codes with
moderate or short length. Suppose the length of a NB-LDPC code over GF(256) is
1024 bits. Let n,, = 32, d, = 2 and p = 5. Based on the proposed fully parallel
decoder architecture, the implementation of this 1024-bit NB-LDPC decoder has
%24 X 2 x (19 4 15) = 8704 global interconnection wires. On the other hand, the
fully parallel LDPC decoder architecture in [70] for a 1024-bit binary LDPC code
with d, = 2 and p = 5 has 2 x 1024 x 2 x 5 = 20480 global interconnection wires.
This comparison demonstrates that the proposed fully parallel decoder architecture
for moderate or short NB-LDPC codes over large fields is feasible.

The proposed fully parallel decoder architecture not only works for QC-NB-
LDPC codes, but also works for irregular NB-LDPC codes.
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3.5 Implementation Results and Comparisons

In order to demonstrate the efficiency of our proposed fully parallel decoder archi-
tectures, we synthesize our NB-LDPC decoders using Design Compiler® Graphical
(DCG) by Synopsys. Since DCG tightens timing and area correlation between syn-
thesis and placement to 5% [72], the timing/area results obtained by using DCG
are very close to those produced by place and route tools, such as IC Compiler®.
For power estimation, the PrimeTime® PX (PTPX) is employed. For the power
estimation flow, the SPEF file generated by DCG is used to improve the accuracy of
the power consumption results. The process of employing DCG synthesis is shown

as follows:

1. Step 1: Perform the normal synthesis. Based on the cell area, determine the
floorplan constraints, such as core area, pin locations and placement bounds

and so on.
2. Step 2: Perform the DCG synthesis with these floorplan constraints.

3. Step 3: If the signal congestions predicted by DCG is not acceptable, revise
the floorplan constraints and repeat Step 2. Otherwise, the DCG synthesis is
finished.

Since the results in [15] are derived from place and route, we compare our DCG

results with those in [15] in terms of energy efficiency (consumed energy per decoded

power

throughput and area efficiency =

bit) and area efficiency, where energy efficiency =
%. In this chapter, the (110, 88) NB-LDPC decoder is synthesized with
DCG, and the power consumption is measured at the SNR point where BER is
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around 1 x 1075, The physical results are shown in Table 3.4, where TGR denotes
throughput to gate count ratio. Table 3.4 shows that our decoder architecture has
better area efficiency and energy efficiency than those in [15].

The implementation results in [14] are derived from synthesis with Design Com-
piler using 180nm CMOS technology. Only the gate count (the gate count of mem-
ory is estimated) and throughput are provided in [14] and area and power are not
available in [14]. In order to make a fair comparison, our fully parallel decoder is
also synthesized under 180nm CMOS technology, and we compare the TGR of our
decoder with those in [14]. The memory in [14] can be implemented with normal
dual port SRAM. The memory of the our proposed decoder architecture can be
implemented with the content addressable memory (CAM). Due to the lack of such
a memory compiler, the memories in our proposed decoders are implemented with
registers, and the gate counts of our decoder in Table 3.4 are the synthesis gate
counts. Since registers require more area than memories generated from a mem-
ory compiler, our decoder architectures would have smaller gate counts than those
in Table 3.4 if CAM modules were used. In terms of TGR, the proposed decoder
architecture is better than those in [14].

The stochastic decoding algorithm for NB-LDPC codes is promising due to its
low hardware complexity [9]. Besides, the stochastic decoding algorithm is a good
candidate for fully parallel LDPC decoder architectures. The FPGA implementation
of a (192, 96) NB-LDPC stochastic decoder over GF(256) [9] achieves a throughput
of 65Mb/s, and it is projected [9] that a corresponding ASIC implementation can
achieve a throughput of 698Mb /s, which would be 27% higher than the throughput

of our proposed decoder on GF(256). In the chapter, however, we did not compare
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our decoder architectures with that in [9] because the corresponding area, frequency

and power results under ASIC implementation are not provided in [9].

3.6 Conclusion

In this chapter, a reduced memory complexity trellis based check node processing
algorithm is proposed. An a priori message compression algorithm is also proposed
to reduce memory requirement further. A simplified algorithm is also proposed to
reduce the complexity of variable node processing. Based on the proposed algo-
rithms, a fully parallel decoder architecture for NB-LDPC codes. The hardware
efficiency of proposed fully decoder architecture is much higher than those of previ-

ous comparable decoder architectures in open literature.
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Table 3.4: Comparisons with other decoder architectures.

[15] [14] This work{
Code GF(32) | GF(32) | GF(256) | GF(32)
Block Length 248 372 110 372
Code Rate 0.55 0.66 0.8 0.66
Process 90nm 180nm 28nm 180nm
Core Area 10.33
(mm?) (0.99%) i 1289 i
Utilization - - 0.757 -
NAND Gate Count | 1.92M | 0.6Mfy 2.5TM 4.1M
Frequency (MHz) 260 200 520 220
[terations 10 10 10 10
Throughput 47.69
(Mb/s) (153.3%) 66 546 982
TGR 24.9
(Mb/s/Million gate) | (79.6%) 110 2124 2395
Power (mW) 479 - 976 -
Energy Efficiency
(nJ/bit) 10.06 - 1.78 -
(nJ/bit/Tteration) 1.006 - 0.178 -
Area Efficiency 4.62
(Mb/s/mm?) | (1545%) | | 42398 | -

TThe gate count of the memories in [14] is estimated, assuming
that one memory bit takes the area of 1.5 NAND gates.
TThe implementation results of this work are not as accurate as
those obtained from a place and route tool. In this work, the
memories are implemented as registers , and the gate count of
our decoder is obtained from DCG or normal synthesis.
* These results have been normalized to 28nm for comparison.
Since the voltage of the process in [15] is not available, the en-
ergy efficiency has not been scaled.
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Chapter 4

Efficient Error Control Decoder
Architectures for Noncoherent

Random Linear Network Coding

4.1 Introduction

Random linear network coding (RLNC) is an efficient technique for disseminat-
ing information in networks (see, for example, [39-42]). Due to its random linear
operations, RLNC not only achieves network capacity with high probability in a
distributed manner, but also provides robustness against varying network condi-
tions [43]. Unfortunately, it is highly susceptible to errors due to noise, malicious or
malfunctioning nodes, or insufficient min-cut [44]. As a result, error control is vital
for RLNC.

Error control methods proposed for RLNC assume two transmission models. The
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methods for the first model (see, for example, [45]) depend on and take advantage
of the underlying network topology or the particular linear networking operations
performed at various nodes. The methods for the other model (see, e.g., [44,46]) as-
sume that both the transmitter and the receiver have no knowledge of such channel
transfer characteristics. The two models are referred to as coherent and nonco-
herent network coding, respectively. In this chapter, we focus on error control for
noncoherent RLNC.

An error control code for noncoherent network coding [44], called a subspace
code, is a set of subspaces. Information is encoded in the choice of a subspace
spanned by a set of transmitted packets. A subspace code is called a constant-
dimension code (CDC) if all subspaces are of the same dimension. CDCs lead to
simplified network protocols due to the constant dimension. A class of asymp-
totically optimal CDCs, referred to as Kotter-Kschischang (KK) codes, has been
proposed in [44]. A decoding algorithm based on interpolation for bivariate lin-
earized polynomials is also proposed for KK codes in [44]. It was shown in [46] that
KK codes correspond to lifting of Gabidulin codes, a class of optimal rank metric
codes. As a result, KK codes can be decoded by the generalized decoding algorithm
for the rank metric codes [46].

Motivated by KK codes, a new family of subspace codes, referred to as Mahdavifar-
Vardy (MV) codes in this chapter, was proposed [47-49]. List decoding, which has
been used to decode beyond the error correction diameter bound [50], can be applied
to the decoding of MV codes. Using algebraic list decoding, it was shown [49] that
MYV codes can achieve a better tradeoff between rate and decoding radius than KK

codes.
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Error control for RLNC comes at the expense of additional computations needed
for encoding and decoding. The complexities of existing decoding algorithms [44,
49, 51] for KK and MV codes are much higher than those of encoding, and are
hence critical to applications of RLNC. Most previous works focus on theoretical
aspects of network coding. For example, the decoding complexities of KK and MV
codes were analyzed in [44,46] and [47-49], respectively. However, theoretical anal-
ysis does not completely reflect how the decoding algorithms affect the hardware
implementation results, such as area and throughput. For KK codes, decoder ar-
chitectures based on the generalized decoding algorithm for rank metric codes [46]
was proposed in [43]. Unfortunately, the rank metric decoder architectures in [43]
suffer from limited throughput, long decoding latency and high area complexity.
Besides, to the best of our knowledge, decoder architectures for MV codes and their
hardware implementations have not been investigated in the open literature.

In this chapter, we focus on efficient architectures and their hardware implemen-
tations of interpolation based decoders for KK and MV codes. The main contribu-

tions of this chapter are:

1. The decoder of KK codes has two stages: interpolation and factorization. The
generalized interpolation algorithm in [51] is used for the first stage since it is
more efficient than Gaussian elimination [51]. For factorization, we propose
a reformulated right division algorithm for linearized polynomials, which is

suitable for hardware implementations.

2. The list decoder of MV codes also has two stages: interpolation and factoriza-
tion. The generalized interpolation algorithm in [51] is used in the interpola-

tion process. A linearized Roth-Ruckenstein (LRR) algorithm [53] is proposed
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in [47] to solve the factorization problem for MV codes. In this chapter, we
make a more detailed study on the LRR algorithm. For list size L = 2, we
derive the equations used to compute all the information symbols and uncover
the relation between two possible solutions. A matrix based LRR (M-LRR)
algorithm, which is suitable for hardware implementations, is also proposed

for factorization.

. A serial decoder architecture and an unfolded decoder architecture for KK

codes are proposed for applications with moderate and high throughputs, re-
spectively. Both architectures are implemented for KK codes over GF(2%) and
GF(2'%) to demonstrate their efficiency. To the best of our knowledge, this is
the first efficient implementation of interpolation-based decoder for KK codes.
Compared to the rank metric decoder architectures for KK codes [43], the
proposed serial decoder architecture improves the throughput by 4.9 and 13.2
times, while its gate counts are only 56% and 76% of their respective counter-
parts in [43]. Moreover, for these two codes, the unfolded architecture achieves
a throughput of 12.5Gb/s and 41.6Gb/s, much higher than the throughput of
214Mb/s and 134Mb/s of their respective counterparts in [43]. The through-
puts per thousand NAND gates of our architectures are much higher and their

latency much shorter than their counterparts in [43].

. A serial list decoder architecture for MV codes is proposed. To the best of

our knowledge, this is the first hardware implementation of MV decoders.
An efficient architecture for solving equations over an extension field GF(¢™)

(¢ > 2 is moderate) is proposed. The proposed equation solver does not require
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complicated inversion operations over GF(¢™). Besides, an implementation
of factorization that computes all L possible transmitted packets in parallel is

proposed, where L is the list size for list decoding.

The rest of the chapter is organized as follows. Section 4.2 provides some related
background about KK and MV codes. Our serial and unfolded decoder architectures
for KK codes are proposed in Section 4.3. Section 4.4 presents the list decoder
architecture for MV codes. Section 5.5 presents the implementation results, and

conclusions are drawn in Section 5.6.

4.2 KK and MYV codes

4.2.1 KK codes and its decoding algorithms

KK codes [44] constitute an important class of subspace codes with constant dimen-
sions. A KK code over GF(2™) is described by three parameters (m, n, k), where
n is the dimension of the transmitted subspace and k is the number of information
symbols over GF(2™). A k-dimension information vector u = (ug,uy -+ ,up_1)7 is
treated as a linearized polynomial [46] u(x) = uez!® +uyr 4+ -y 21 where
211 denotes 22" and u; € GF(2™). In this chapter, for all linearized polynomials
u(x), deg(u(r)) = max{j : u; # 0} denotes the degree of u(x). The information
vector u is encoded into n packets over GF(2™): po, p1, -+, Da_1, Where p; = (f3;,
u(B;)) and Bo, P1, -+, Pn_1 are linearly independent over GF(2™). Each packet
consists of two elements from GF(2™). After these n encoded packets are injected
into the network, N potentially corrupted packets (o(s),71(s))’s are received, where

ro(s),m1(s) € GF(2™) for s = 0,1,--- | N — 1. Based on the received packets, the
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KK decoder produces tt = (g, @y, - -+ ,tx_1)" .

Algorithm 9: Interpolation algorithm for KK codes [51]
input : (ro(s),r1(s));s=0,1,--- /N —1
output: d(l’,’y) s.t. d(T0(8>,T1<S)> = 07 § = 07 17 e 7N —1

Initialization: fo(x,y) =z, fi(z,y) =y
for s=0to N —1do
fori=0to 1do
Az‘ = fi<U57ws)
| Oi = max(deg(fio(x)), deg(fiy(y)) + 5k — 1)
o=1i:A;#0 ={i: A; =0}
f Iy # () then
i* <— argmin{O;}
i€l
for + € Iy do
if 7 # ¢* then
L Fi(x,y) = Di- fi + A fis
else Fi(z,y) = fi>+ Aifi

~

[y

if I; # () then
for i € I, do

i L Fi(z,y) = fi
B folx,y) = Fo, fi(z,y) =

Op = max(deg(fo..(v)), deg(foy(y)) +k —1)
O, = max(deg(f1..(7)),deg(f1y(y)) +k —1)
if OO S 01 then

L d(x,y) - fO(x7y>
else d(z,y) = fi(z,y)

The KK decoder in [44] consists of two stages. The first stage, called interpo-
lation, finds a nonzero bivariate linearized polynomial d(z,y) = d,(x) + d,(y) such
that d(ro(s),r1(s)) =0for s =0,1,--- , N—1. The degrees of d,(x) and d,(y) are at

most m and m — k + 1, respectively. The second stage, referred to as factorization,
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obtains the transmitted information symbols by computing a linearized polyno-
mial u(x) such that d(x,d(z)) = 0. While the interpolation can be implemented
by solving a system of linear equations via Gaussian elimination, a more efficient
generalized interpolation algorithm in the ring of linearized polynomials has been
proposed in [51] (the interpolation algorithm proposed in [44] is in fact a special case
of this generalized interpolation algorithm). The generalized interpolation algorithm
in [51] adapted to the interpolation problem for an (m, n, k) KK code is shown in Al-
gorithm 9, where f;(x,y) = fi.(x)+ fi,(y) is a bivariate linearized polynomial over
GF(2™). A rank metric decoder has also been proposed for KK codes in [46], and
its hardware implementation has been investigated in [43]. Unfortunately the rank
metric decoder architectures in [43] suffer from limited throughput, long decoding
latency, and high area complexity.

The interpolation algorithm in [51] for KK codes parallels Koetter’s interpola-
tion algorithm for RS codes. The comparison between these two algorithms are
shown in Table 4.1, where IRS denotes the interpolation algorithm for RS codes.
As shown in Table 4.1, the IRS algorithm and Algorithm 9 are similar in their poly-
nomial updating rules. The key difference lies in the fact that Algorithm 9 deals
with linearized polynomial while the IRS algorithm deals with polynomials. Due to
their differences in multiplications, interpolator architectures for RS codes are not

applicable to Algorithm 9.
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4.2.2 MYV codes and its list decoding algorithm

MV codes are similar to but different from KK codes [44]. To enable list decoding,
different code constructions are proposed for different code dimensions in [47,48].

For an [-dimensional MV code over GF(¢™), where [ is a positive integer that
divides ¢ — 1, the equation 2! — 1 = 0 has [ distinct roots ey = 1,eq,...,e,_1 over
GF(g). We first choose a primitive element v of GF(¢™) so that v,y ... M=l
form a normal basis of GF(¢™), where 411 = ~44'. We then construct elements
o = v+ ey 4 2yl g ey UL over GF(¢™) for i = 0,1,...,01 — 1,
where e;’s are the [ distinct roots of equation 2! — 1 = 0 over GF(q). It is proved
in [48] that the set {agj] 1i=0,1,...,01—1,7=0,1,...,m—1} is a basis of GF(¢™)
over GF(q).

For an information vector u = (ug, uy,...,ux_1) over GF(¢q) and its correspond-
ing linearized polynomial u(z) = S5~ szl let u®(x) denote the composition of

u(x) with itself by i times for any nonnegative integer i, where

x 1=20
u¥(z) £ { u(x) i=1 (4.1)
u(u® () i>1
The information vector u is encoded into [ packets pg, p1, ..., pi—1, where
(g, ulag), u®? (), . .., u®t () i =0
pi = ' oL/ (4.2)
(ay, ug)fl), T a<o‘l)) otherwise

and L is the desired list size. Each packet consists of L + 1 elements in GF(¢™). At
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the receiver, N potentially corrupted packets (ro(s),71(s), -+ ,rp(s))’s are received,
where rq(s),r1(s), - ,r(s) € GF(¢™) for s =0,1,--- , N — 1.

Similar to the decoding of KK codes, the list decoding of MV codes is divided into
two stages: interpolation and factorization. The generalized interpolation algorithm
is also capable of performing the interpolation for the list decoding of MV codes.
The generalized interpolation algorithm adapted to the interpolation problem for
an [-dimensional MV code is shown in Algorithm 10.

As shown in Algorithm 10, fi(x,y1,- -+ ,yr) = fio(®)+ figs (y1)+- -+ fiy, (yr) is
a nonzero multivariate linearized polynomial, where f;, and f;, ’s (j =1,2,--- ,L)
are linearized polynomials. The maximal degrees of f; ., fi,, are (I4+t)L, (I+t)L —
j(k —1), respectively, where ¢t < L — L(L + 1)% is the dimension of error packets
received. The output is a nonzero multivariate linearized polynomial d(x, y1, -+ , yr)
that satisfies d(ro(s),r1(s), - ,rr(s)) =0for s =0,1,--- , N—1. The interpolation
step is finished in N iterations.

The factorization step finds at most L possible solutions of u(x) for the following
equation:

d(z,u(x), u®*(z), - ,u®*(z)) = 0. (4.3)

An LRR algorithm [47], shown in Algorithm 11, has been proposed to solve Eq. (4.3).
Let Y be a variable in the ring £,[z], where £,[x] is the set of linearized polynomials
with coefficients in GF(q). Since the output of Algorithm 10 is d(z,y1,- - ,yr) =

dy(x) +dy, (1) + - - +dy, (yr), Eq. (4.3) is equivalent to

dz,Y) =do(z) +di(2) @Y + -+ +dp(z) @ Y =0 (4.4)
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Algorithm 10: Interpolation algorithm for MV codes [51]

input : (ro(s),r1(s), - ,r(s));s=0,1,--- N —1

OUtPUt: d(x7y17 e ayL) s.t. d(r()(S)vrl(S)? e 7TL(S)) = 07 § = 07 17 e

Initialization: f0<x7y17 e ;yL) =T, fi(xayla e 73/L) =Y 1= 1727 e

fors=0to N —-1do
for i =0 to L do
Ai = fi<T0(8)7T1(5)7 e 7TL(S))
d] = deg(fl,y](y)) +]<k - 1)) fOI' ] = 172a e 7L
| O; = max(deg(fi.(v),di,dg, -+ ,dp
f Iy # () then
i* < argmin{O;}
i€lp
for i € Iy do
if i # ¢* then
L Fi('r?yh e 7yL) = Az*fz + Azfz*

else Fj(z,y1, - ,yn) = A ;M + Aﬁ”fi

o

if I, # () then
for : € I do
L Fi(wayla"' 7yL) :fl

7f0:F0afl:Fl
for i =0 to L do

d;j = deg(fiy;(y)) + (k= 1)) for j=1,2,---, L
| O; = max(deg(fio(x),d1, dy, - -+ ,dL)

d(x7y17"' 7yL):f0
Omin:OO
for i =1to L do
L d(l’,yl,--- 7yL) = fz
Omin:Os
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where u(x) is the solution of Y and

d.(z) i=0

dyi (yZ) Yi= i >0.

If the polynomial d(x,Y) is divisible by z[*, then we define

dis(z,Y) =dy(z) +d)(2) @Y + -+ + d)(z) @ YOF,

where d}(z)l = d;(z).

(4.5)

(4.6)

Algorithm 11: LRR algorithm [47]

Procedure: LRR(d(z,Y), k, \)

Global variables: A C L,[z], u(z) = Y1 uzl! € L£,[x]
Call procedure initially with d(z,Y) #0 A =0
if A ==0 then
A=
s < largest integer s.t. d(x,Y) is divisible by z*!
H(w,v) « gdys(z,v)
Z < set of all roots of H(0,v) in GF(q)
foreach v € Z do uy <+ v
if A <k —1 then
| LRR(dys(z, Y +y2), k, A+ 1)
else

if d(z,up—12) == 0 then
L L A+ AUu(x)

As shown in Algorithm 11, the L possible solutions of u(x) are stored in the set

A. The original LRR algorithm is a high-level algorithm, the detailed expression of

d(z,Y) are not specified in [47].
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4.3 Efficient KK decoder architectures

In this chapter we first propose a serial decoder architecture and an unfolded decoder

architecture for KK codes.

4.3.1 Serial decoder architecture

In order to minimize the hardware cost, a serial decoder architecture is proposed
in Fig. 4.1, where the widths of multi-bit buses are shown. The serial architecture
consists of the following major parts: coefficient registers CXR; and CYR;, two
interpolators interpolatory and interpolator;, polynomial selection unit polySel, and
a polynomial divider polyDiv, which implements the factorization step. Algorithm 9
updates two bivariate linearized polynomials: f;(z,y) = fi.(x) + fi,(y) for i =0
and 1, where f;,(z) = Z;y:“”gl CEX;(j)zV) and fi,(y) = Zj.vggl CEY;(5)yY! are
linearized polynomials in x and y, respectively. For ¢« = 0 or 1, the coefficients of
fiz(x) and f;,(y) are stored in CXR; and CYR,, respectively. CXR; and CYR;
consist of N, and N, m-bit registers, respectively, since each element in GF(2™) is
represented by m bits. N, — 1 and N, — 1 are set to the maximal degrees of f; ,(z)
and f;,(y), respectively, during the interpolation process. Hence, N, = m + 1,
Ny=m—k+2.

Interpolatory and interpolator; compute the updated coefficients for fy(x,y) and
fi(z,y), respectively, and write the updated coefficients back to CXR and CYR
during each cycle. Since interpolatory and interpolator; have the same circuitry,
the architecture of interpolatory is discussed in Sec. 4.3.1. After the interpolation

is finished, the polySel unit selects fo(x,y) if Oy < Oy, or fi(z,y) otherwise. Since
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Figure 4.1: Serial KK decoder architecture

CEY (Ny-1) CEY (1) CEY (0) CEX)(Ni-1)  CEXy(1) CEX,(0)
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KEEP,
m m m m m m MS,
Ay UCEYy(N,-1) UCEYl) UCEYo0)  UCEX((Nyl) UCEX((1) UCEXy(0) 0o

Figure 4.2: Architecture of interpolator

the polySel unit can be easily implemented with the orderComp unit (see Fig. 4.4)
used for interpolatory, the details of the polySel unit are omitted. The coefficients
of the polynomial selected by the polySel unit will be stored in DCXR and DCYR,
which consist of N, and IV, m-bit registers, respectively. The polyDiv unit will then

compute u based on a reformulated right division algorithm described in Sec. 4.3.1.
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Efficient interpolator architecture

The architecture of interpolatory is shown in Fig. 4.2. It computes the corresponding
Ay and Oy as well as the updated polynomial coefficients for fo(x,y) as specified in
Algorithm 9. Interpolatory consists of N, + N, polynomial updating units (PUUs)
and the orderComp and polyEvl units. Each PUU generates a new coefficient during
each cycle. The polyEvl unit evaluates the corresponding linearized polynomial and
generates Ay, and the orderComp unit generates Oy. The number of bits needed for
Oy is | = [log, max {N,, N, + k — 1}].

To achieve high throughput, a fully parallel architecture shown in Fig. 4.3 is used
for the polyEvl unit. In this work, all Galois field elements are represented with
respect to a normal basis so that the g-exponentiation operation will be a cyclic
shift. Suppose the normal basis representation for b = Z;n:_ol Al € GF(2™m) is
(by—1, by—2, -+ -, by), where b; € GF(2) and ~ll’s constitute a normal basis. The
corresponding normal basis representation for b is (b,,_2, -+ ,bg, byu_1). In Fig. 4.3,
the computation of bl is carried out by the S(j) unit, which cyclicly shifts its input
by j positions and requires wiring only. The SUM, in Fig. 4.3 performs bit-wise
XOR operations for their m-bit input messages. Finite field multiplications and
additions are also used in the polyEvl unit. Additions over GF(2™) are simply bit-
wise XOR operations. In this work, we use the improved Massey-Omura normal
basis multipliers proposed in our previous work [43, Sec. I1I-B.

The architecture of the orderComp unit is shown in Fig. 4.4. The IsZero unit
tests whether its m-bit input message is zero. The two priority decoders in Fig. 4.4
compute deg(fo.(x))) and deg(fo,(v)), respectively, and their outputs have [, =

[log, N, | and I, = [log, N,]| bits, respectively. In Fig. 4.4, k is the number of
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Figure 4.3: Architecture of polyEvl for interpolatorg
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(P: Fixed-point adder 10
o

Figure 4.4: Architecture of orderComp for interpolatorg

information symbols. A fixed-point adder that performs integer addition is used.
The MAX unit computes the maximum of its two inputs.

The two groups of PUUs in Fig. 4.2 — N, PUUs on the left and N, PUUs
on the right — update fy,(y) and fo.(z), respectively. Since all PUUs have the
same circuitry, the PUU that updates the coefficient of 2V! is shown in Fig. 4.5. In
Algorithm 9, fo(z,y) is updated in three different ways: 1) fo(z,y) = fo(z,y)* +
Ao fo(z,y) when Oy < O; and Ay is not zero; 2) fo(x,y) = Ao fi(x,y) + Ay fo(z,y)
when O > O; and Ay is not zero; 3) fo(x,y) keeps unchanged when Ay is zero. As a
result, there are three different polynomial operations: 1) computing the square of a
linearized polynomial; 2) multiplying a linearized polynomial with a constant; and 3)

adding two linearized polynomials. The proposed PUU is configured to implement
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m
UCEX(j)

Figure 4.5: Architecture of the PUU that updates the coefficient of 2!

these three operations with two control signals MS; and KEEP;.
Taking Ay, A1, Og and O as inputs, the control unit computes the control

signals

(KEEPmKEEPl,MSO,Msl,Co,Cé,Cl,Cll)
171a0717A0aX7A07A1) if A0 #OaAI 750700 SOI

0,1,X,0,X,X,A1,X) ifAg=0,A; #0

(
(17171707A17A07A17X) ifA0#07A1#0700>01
(
(

1,0,0,X, A0, X,X,X) ifAg#0,A; =0

where X in Eq. (4.7) is “don’t care”.

Reformulated right division algorithm

In [44], a recursive right division procedure is proposed to solve factorization prob-
lem. In this chapter, the right division procedure [44] is reformulated in a non-
recursive manner. Let a(x) = d,(z) and b(z) = dy(y)|y=z- Let lc(a(z)) de-
note the leading coefficient of a(z). That is, if a(z) has degree d, i.e., a(x) =
agr® 4 ag_ 2 .+ qoxl® then lc(a(z)) = ag # 0. The reformulated right

division algorithm is shown in Algorithm 12. The k messages symbols are recovered
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within at most & iterations.

Algorithm 12: Reformulated right division algorithm
Input: a(x) and b(z),b(z) Z0
Output: 0 = (U, Uy, -+, Uk_1)

Initialization: j =0; u; =0, for 0 <i < k

while deg(a(x)) > deg(b(x)) and a(z ) #0 do
d= deg( ()),e =deg(b(z)), g=d —e

le(a(x)), be = le(b(x)), dq (ad/b )m=el

lﬁ( ) (aa/be)tm= 4zl a(z) = a(x) — b(t(x))
J=7+1

end while

if 7 > k or deg(a(z)) > 0 then
return decoding failure

end if

return u

Efficient factorization architecture

A parallel polynomial divider that implements Algorithm 12 is shown in Fig. 4.6,
where AX(5) and BX(j) denote the coefficients of 17! for a(z) and b(x), respectively,
UAX(j) the updated coefficients for a(z), and coeff and pos a recovered information
symbol and its position in the information vector, respectively. The COS unit finds
the leading coefficient and the degree of a given linearized polynomial. The inv
unit computes the inversion of the leading coefficient le(b(z)) of b(z). The CS unit
cyclicly shifts the m-bit input by m — e positions, where e is the degree of b(z).
S(j) cyclicly shifts its input by j positions and hence requires wiring only. The LS
unit has N, m-bit inputs and N,-1 m-bit outputs. As shown in Fig. 4.6, we have
L(j+pos) = BX(j) for j =0, 1, ---, N, — 1. For other j, L(j)=0. In this work, a

parallel inversion architecture is employed, and such an architecture for inversions
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over GF(28) is shown in Fig. 4.7.

AX(Nr-1)AX(N:-2) AX(0)

BX(N,-1) BX(0)

: COS COS m
—— Ic deg Ic deg 7

pipeline 17
&2
m
m
. m
UAX(N,-2) UAX(0) Ppos

Figure 4.6: Architecture of the polyDiv unit

Figure 4.7: Parallel inversion architecture over GF(2%)

Performance of the serial decoder architecture

We now consider the critical path delay (CPD), latency, and throughput of the serial
architecture in Fig. 4.1. The critical path delay of the polyDiv unit is given by T(vg
+ Tiny + Ty + Tos + Tl + Tadd> Where Toog is the delay of the COS unit

shown in Fig. 4.6 and T3, T’

inv> Lyl and T, qq are the delays of finite field inversion,

multiplication, and addition, respectively. On the other hand, the critical path delay
of an interpolator is given by maX{TpolyEvl’ TorderComp} + Tty + Tpyy- The

CPD of the polySel unit is negligible compared to those of the polyDiv unit and
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the interpolator. When m = 8, the CPDs of the polyDiv unit and the interpolator

are dominated by 57},,,,; and 27}, respectively. In order to balance the CPDs

ul’
between the polyDiv and interpolator, a stage of pipeline registers is inserted in the
polyDiv unit (indicated by the dotted line in Fig. 4.6).

For the serial architecture in Fig. 4.1, the interpolation needs N cycles, where N
is the number of linearly independent received packets. The maximal value of N is
set to 2n — k, since the decoder will fail if the number of errors exceeds its correction
capability when N > 2n — k. Without the pipeline registers, the factorization will
finish in M (M < k) cycles, since the polyDiv unit recovers one non-zero information
symbol during each cycle. The polySel takes one cycle. In the worst case, it takes
at most N 4+ 1 + k cycles to generate ti. With the pipeline registers inserted in
the polyDiv unit as shown in Fig. 4.6, it takes 2M cycles to finish the polynomial
division, and the overall latency becomes N+1+2M. Once the coefficients of d(z, y),
which is the output of interpolation, are loaded into CXR and CYR, the interpolator
could start processing the following received packets while the polyDiv unit is still

inferring the previous information vector. The throughput of the proposed serial

fmk

decoder architecture is given by (N 23T

Mb/s, assuming that the clock rate of
the decoder is f MHz.

4.3.2 Unfolded decoder architecture

For modern network applications, a throughput well beyond several Gb/s is de-
sirable. Since the serial architecture described in Section 4.3.1 may not meet such
throughput requirements, an unfolded decoder architecture is also proposed for high

throughput scenarios. As shown in Algorithms 9 and 12, both the interpolation and
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right division algorithms contain a loop, and both algorithms will finish in limited

iterations. As a result, an unfolded architecture is proposed in Fig. 4.8.

CXRop CYRop CXRyo CYRyp
[0+ [Neor ][0+ [ Nyor ] [0 [ NogL ][0 ]+ [ Ny ]
ro(0) et ol Do Do mry0)
r,(0) interpolatorg o ctrly interpolatory o ﬁn(O)

Vil CXRos  Waf CYRo:  Vxaf CXRix  Waf CYRu

0[Nt | [0 - [Ny ]| [0 [ N ]| [0 [ Ny

Vx,l Vy‘l Vx‘l Vy‘l
ro(1) mey—— . ro(1)
ri(1) interpolatory s m ctrl, m interpolator; ; n()
* CXRont *CYRop1 * CXRuna * CYRiwa
|00 (M) [0~ [(Nyaa ] [0 [N D[ 0]~ [Ny
ro(N-l) i V.x,N-l Vy,N-li ivxjy\m V, ,N-]i ro(N-l)
ry(N-1) interpolatorg o m ctriy.y m interpolator; o Eﬁn(N-l)
VN VyN vaNf Vyva TCR
([0 N ][0 I N )| [0+ N2 J [0 ) N2
Vx,N Vy,N Vx,N Vy,N
\ polySel ‘
|l DCXR, | DCYR,
[[0]~[Dw1]| | [0] D] |
1
pos—]| polyDiv, |-—coeffy
! DCXRyy ! DCYRy
| (0] Pua-t] | | [0] Dy |
L L
POSk-1—| polyDivi., Hcoeffk_l

Figure 4.8: Unfolded decoder architecture

Compared with the serial decoder architecture, the unfolded architecture in
Fig. 4.8 has N stages of interpolator and k stages of polyDiv, where N is the
maximal number of received packets. For all received words, the N iterations of
an interpolation process are distributed to /N pairs of interpolators. interpolator; g
does the interpolation in iteration s of Algorithm 9 and passes the results to the
next stage of interpolators. N, and N, s denote the numbers of registers needed by
interpolator; ;. The polyDiv; unit implements iteration j of Alg. 12, and D, ; and
D, ; denote the numbers of registers needed by polyDiv;.

Based on Algorithm 9, at the beginning of iteration s, (deg(f; »(x)), deg(fi,(y))) <
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(

(s,0) if0<s<k

(duys,dys) = 9 (s,s —k) if k <s<m- OSimilarly, we can show that the

(mm+1—k) ifs>m
\

degrees of a(z) and b(z) at the beginning of iteration j of Alg. 12 are at most
Pz; = m—j and p, ; = m—k+1, respectively, for j = 0,1,--- |k —1. Thus, we can
use N, s = d, s+ 1 and N, s = d, s + 1 registers for interpolator; ; and D, ; = p, ; +1
and D, ; = p,; + 1 registers for polyDiv,. These upper bounds help to reduce the
hardware cost of the proposed unfolded decoder architecture.

The decoding latency of the unfolded decoder architecture is the same as that of
the serial architecture, but the throughput is fmk Mb/s, which is higher than the

serial architecture.

4.4 Efficient MV list Decoder Architecture

MYV codes enable stronger error correction at the cost of higher computational com-
plexity. As shown in [48, Fig. 1], MV codes under list decoding enhance the average
decoding radius when packet rate is low. In this section, an efficient serial list de-
coder architecture for MV codes is proposed. Without loss of generality, we take
L = 2 as an example to simplify the presentation. The decoder architecture for a

different L is similar and can be easily obtained.

4.4.1 Serial list decoder architecture

A serial list decoder architecture for MV codes is shown in Fig. 4.9. When L = 2,

three multivariate linearized polynomials, fo(x,y1,v2), fi(x,v1,y2), and fo(z,y1, y2),
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participate in interpolation according to Algorithm 10, where fi(z, y1,v2) = fi.(x)+
fiss (1) + fiy,(y2). As shown in Fig. 4.9, three groups of coefficient registers, CRy,
CR;, and CRs, store the coefficients of linearized polynomial fy, f1, and fs, re-
spectively. For each group of coefficient registers, CX, CY;, and CY, store the
coefficients of f; ,, fiy,, and fi,,, respectively. The interpolator units perform the
interpolation step and update corresponding coefficient registers according to Algo-
rithm 10. Once the interpolation step is finished, the factorization unit computes

two possible transmitted information vectors.

1 0 %’l 1, %’l
\ factorization unit |
T

\ polySel |

w W W
w CRO w CR] w CR2
| Xy |

v fi i

hardwired interconnect

| |
v fv b

| interpolator, || interpolator; || interpolator, |
T 17T T
7o(s) z :
r ](S) z
7o(s) Z

Figure 4.9: Unfolded decoder architecture

The coefficients of these multivariate linearized polynomials are elements in
GF(¢™), where ¢ = 2". Each coefficient is represented by an mli-dimension vec-
tor over GF(q). As a result, each coefficient is represented by a z-bit binary vector
and stored in a z-bit register, where z = mlh.

The degree of each multivariate linearized polynomial may keep increasing during
the interpolation step. Besides, within the decoding radius, there is an upper bound

on the degree that each linearized polynomial can achieve. For an [-dimension MV
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code over GF(¢g™), if a transmitted information vector can be correctly recovered,
then the maximal values of deg(f;.), deg(fi,, ), and deg(f;,,) are (I+¢)L, (I+t)L—
(k—1), and (I +t)L — 2(k — 1), respectively, where t < IL — L(L + 1)21 is the
dimension of error packets received. Let Ny, N1 and N, denote the numbers of z-bit
coefficient registers for CX, CY; and CYs, respectively. Then, Ng = (I +¢)L + 1,
Ni=(I+t)L—(k—=1)+1, No=(I+t)L —2(k—1)+ 1 and w = (Ny + Ny + N2)z.

Similar to the KK decoders proposed in Section 4.3, all the finite field arithmetic
operations for the decoding of MV codes are performed assuming a normal basis.
Suppose an element ¢ = Z:Zlo_ Y ey is represented as (Cmi—1,"+ , 1, Co) under nor-

mal basis, where 7’s constitute a normal basis of GF(¢™) and ¢; € GF(q). We

also define [ £ ¢, where ¢! = ¢. Then, under normal basis, ¢/ is represented

as (607cml717“. 7cl>~
ro(s) 11(s) 7as)
z z z
Aj—1  polyEvl | [ orderComp }—Oy
T 1
.
2z 2z 2z 2z 2z 2z] 2z] 2z 2z w coef0f
z z z z Z z z z z w_coel
7 27 ZI 7 27 ZI 7 27 zI wCoel
L N G Lo N G Lo N G
PUU 7 |PUU[|PUUf] |PUU[ |PUUf|PUU [ [PUU F |[PUU f | PUU [
Ny-1 1 0 Ni-1 1 0 Np-1 1 0
T ;| | )| ;| | | 1 " | [PSy:MS\:KEEP]
z z Z z z z z z z 5—[co:co]
W ucoefy

Figure 4.10: The architecture of interpolatory for the proposed MV decoder

4.4.2 Efficient interpolator architecture for MV codes

The proposed interpolator for the serial MV list decoder is similar to that of the
KK decoders in Section 4.3. The interpolator architecture is shown in Fig. 4.10.
Interpolator; updates the coefficients of the multivariate linearized polynomial f; in

Algorithm 10. Take interpolatory as an example. As shown in Fig. 4.10, interpolatorg
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consists of polyEvl, orderComp and three groups of PUUs. The functions of these
units are similar to those of an interpolator for the KK decoders in Section 4.3. As
shown in Fig. 4.10, coefy, coef; and coef; denote the coefficients of fy, fi and fo,
respectively. The architectures of polyEvl and orderComp are similar to those of the
KK decoders in Section 4.3. Let fo, = S ho CEX ()2, fo,, = SNt CEY1(i)y!!
and fo,, = S.not CEYZ(i)yg]. The architectures of polyEvl and orderComp of
interpolatorg when L = 2 are shown in Fig. 4.11 and Fig. 4.12, respectively, where
all the multipliers are based on normal basis and z is the number of bits used to
represent a coefficient.

ros) n(s) F r(s)
i} L L L
[S(0) | [S@WNo-1) | [ S(0) | [ S@N:-1)) | [ S(0) | [ S@(Nx-1)) |
CEX,(0) FCEXo(No-1)FF CEX(0) FCEX(No-1)F CEX(0) FCEXo(No-1)*
Z Z z 4 Z 4
SUM, [ SUM, ] [ SUM, |

z Z
ZAn

Figure 4.11: Architecture of polyEvl for interpolatory of the proposed MV decoder

CEX(0) CEXg(No-1)CEY14(0) CEY 19(N3-1) CEY24(0) CEY2¢(N2-1)
Z Z Z

4 4 z
‘ IsZero ‘ ‘ IsZero ‘ ‘ IsZero ‘ ‘ IsZero ‘ ‘ IsZero ‘ ‘ IsZero ‘
[ . 0 [ .. T .
‘ Priority Decoder ‘ ‘ Priority Decoder ‘ ‘ Priority Decoder ‘
—k-1 —2(k-1)
H MAX H
[ 0o

Figure 4.12: Architecture of orderComp for interpolatory of the proposed MV de-
coder

The PUU of interpolatory, shown in Fig. 4.13, updates the coefficient of zl
for fy,. The linearized polynomial fy is updated in four different ways: 1) f, =
Alf() + AOfl; 2) f() = Agfo —|— AOfl; 3) fo = A()f(gl] —I— Agl}fo and 4) fo remains
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CEX(), CEX(),
pd CEXy-1), 0 MUX! /ZPSO

0 Mmux! Z ms,

Figure 4.13: Architecture of PUU that updates zU! for interpolator, of the proposed
MYV decoder

the same. The proposed PUU in Fig. 4.13 is configured to implement any of these

updating operation with properly set control signals PSy, MSy and KEEP,,.

4.4.3 Efficient factorization architecture for MV codes
Hardware efficient matrix based LRR algorithm

An LRR algorithm is proposed in [47] to solve the factorization problem for the list
decoding of MV codes. For efficient hardware implementation of the factorization
algorithm, more details about the LRR algorithm should be derived.

In this chapter, assuming L = 2, we derive the expression of linearized polyno-
mial d,(z,Y) in each iteration of Algorithm 11. We denote d(z,Y) as d¥(z,Y)
during the computation of the information symbol u;. Based on d(z,Y), the equa-
tion used to compute u; is also derived. Here, Lemma 1 is given without proof since

it is straightforward.

Lemma 1. Let Y = Y. _ arz™ be an element in the ring Ly[z], and X € GF(q),

then (Y1 4 Az)il @ (YW 4 Az)ll = Y1+ g Y] 4 x2gli],

102



4.4. EFFICIENT MV LIST DECODER ARCHITECTURE

Let Y; denote Y ® Yl When L = 2, d(x,Y) in Eq. (4.4) has the following

general form:

d(x’ Y) = d070$[0] _|_ P + do nox[n()]
+ YO+ dyy, Y (4.8)
+ dz,o(Yb)[O] N d2,n2(%>[n2]7

where ng = ml — 1, ny = ng — (k — 1), and ny = ng — 2(k — 1). Then, d(x,Y) has

the following general form:

d9(z,Y) = d(()%x[o] bt déflox["(”
+ d(i) yo ... dgi)my[nl] (4.9)

A5 g dS) (vl

and d©(z,Y) = d(7,Y). The equation to solve for ug is dg?gu% + d§?3u0 + d(()?()) = 0.
The coefficients of d*1)(x,Y) can be derived from d?(z,Y). Let DO (z,Y) =

dD(z, (YW + w;z)), then

DO(x,Y) = dé%x[o] +F déleox[”o]

o dU Y gl Yl

+ d%uix[o] +--- 4 d o i) (4.10)
gy (Vi) - dg (Vi)
+ dy

0
d i})u?as[i] + -+ d nuFalitnzl,
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Eq. (4.10) can be simplified to be

DO(z,Y) = DY(x) + DY) + DY) (Vi)
_ D(()%ZL’[O] 4+t D(()?zox[no}

‘ ‘ (4.11)
4 DEZ’%Y[H S Dgf) y[ni+1]
+ DY (Vi) 4+ DY (Vi)
where Dy, = d d( qui for 0 < j < i, Doy = déz#—d( ul+d2] : for j > i,
Dy =dl and_ng—-d;]ﬂnzﬂlj Then, we have
d™V(z,Y) = D{)(x,Y), (4.12)

where s is the largest integer s.t. D(()i) (z), DY) (Y) and Déi)(Y ® Y+ are divisible
by zl¥l, Y and (Y @ YI+U)l] respectively. Once d?(z,Y") is determined, we obtain
an equation about w;, d¥(x, u;z) = 0.

It is interesting to illustrate the root pattern of the factorization algorithm for

MV codes. Since L = 2, u; is a root of the following ¢ + 1 equations:

;=0
Du; =0

(4.13)

dOz 1+dlz 1w =0

dS) + du; + diu? = 0.

\

The first nonzero equation in Eq. (4.13) is used to solve u;. The equation to derive

ug is d(ouo—l—d Ouo—l—d =0.
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Lemma 2. Consider a nonzero quadratic equation f(u) = au® + bu + ¢ = 0, where
a,b,c € GF(¢g™). Hereu € GF(q), where ¢ = 2". If f(u) = 0 has two distinct roots,
then a # 0, and b # 0. If f(u) = 0 has two identical roots, then a # 0, and b = 0.
If f(u) =0 only has one root, then a =0, b # 0.

The proof of Lemma 2 is omitted here since it is very straightforward. The
roots generation of the factorization process is shown in Fig. 4.14. Without loss
of generality, suppose the equation is fy(ug) = 0, derived from d®(x,Y"), which
has only one root uy. d(z,Y) is computed based on d®(x,Y) and uy. The
equation f1(u;) = 0 also has only one root w;. The same root pattern repeats
until d®(z,Y) is computed. Suppose f;(u;) = 0 has two different roots u; and
u;1. As a result, di@Y(z,Y) and dr@*Y(z,Y) are computed based on wu; and
u;1, respectively. dl)(z,Y) and dr@+Y(z,Y) are the linearized polynomials used
to derive the equations about w;;+1¢ and w;1;1, which are two possible values of
information symbol wu; 1, respectively. Then we give the following two lemmas which

are proved in Appendix A and B, respectively.

Situr) ) Siw) ! Qﬂ,d(%—l.fD—‘ QH.O(MHZ.ID“'
Uio N Uil o "~

i+1,

Jo(uo)

5
4

0

)
1

—u; l%Gr“” '(x,YD— PGr'”z’(x,YD e

Uir1 1 Y

QH,I(VI—IJD—, QQ,I(VHZ,ID“'

Figure 4.14: Root pattern

00

Lemma 3. Both equations fii10(uir10) = 0 and fir10(wir10) = 0 have only one

root, where fiy10(tiv10) = 0 and fir10(uiz10) = 0 are derived from dl)(z,Y)
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and drV(z,Y), respectively.

Lemma 4. The equation fi\;o(uir;o) =0, derived from dl®(z,Y), has only one

root for j > 1. The same is true for dr)(z,Y).

Based on the above discussions, for L = 2, the two possible output information
vectors have the following general form

ul® = {ug,ur, -+, Uig, Wigr0, - 5 Uk—1,0} (4.14)

ult) = {uo, uq, - - y Wi 1y Wi 1,1, " >Uk71,1}
where 0 < ¢ < k—1. It is also possible that factorization produces only one solution.
Then u® = u®. In this chapter, a matrix based LRR (M-LRR) algorithm that is

suitable for hardware implementation is proposed in Algorithm 13. Here, we assume

L=2.

Algorithm 13: M-LRR algorithm
input : d(z,Y),ng,ny,ny
output: u®, u®
Initialization: M© = 035005 MO = 031,
for 1 =0 to 2 do
for j =0 to n; do
L Mz'(,(;)') - Mz'(,;) = di

fori=0to k—1do

M) = shiftPow(M*)); M® = shiftPow (M)
uz(-o) = solverg(M©,4); Uz('l) = solver, (M), 1)
M© = matrixUpdate(M (), UEO); i)

M® = matrixUpdate(M ™), Uz(l)a i)

As shown in Algorithm 13, the coefficients of d(z,Y’), which are the output

of interpolation, are first copied into the coefficient matrices M(© and M®. The
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proposed M-LRR algorithm outputs at most two possible transmitted information
vectors. The shiftPow function is shown in Algorithm 14. The solvery function in
Algorithm 13 is shown in Algorithm 15. The solver; function is the same as solverg
except that it returns r; when f(u) = 0 has two different roots. The matrixUpdate
function shown in Algorithm 16 updates coefficient matrices based on Eq. (4.10).
The shiftPow function preprocesses the coefficient matrix so that at least one
of My, M and My is a nonzero coefficient, where M is the input matrix. Take
MO as an example, after preprocessing, the solver, function derives the coefficients
of equation f{”(u9) = 0 and solves this equation. It is possible that f*(u?) =
0 may have two distinct roots. However, only one root is selected as shown in
Algorithm 15. The matrixUpdate function updates the coefficient matrix that will

be used to compute the next information symbol.

Algorithm 14: shiftPow
input : M
output: M’

Initialization: M’ = 03y,

1=0

for j =0 to ng do

if MOJ 7é 0 or ML]' % 0 or Mg’j # 0 then
i=j
break

for s=0to 2 do
for j =1 to ng do
L M =yl
§,]—1 S,j
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Algorithm 15: solver,

input : M,
output: u;

Initialization: a = 0,0 =0,c = 0,a,b,c € GF(qg™)
pow = 2
for j=0toi—1do
if M(],j 7& 0 or Ml,j 7é 0 then
a = O,b = ML]‘,C = MO,]'
pow =1
break

if pow == 2 then
| a=My;,b= M, c= M,
flu) =au®+bu+c
solve equation f(u) =0,u € GF(q) ={0,1,--- ,q— 1}
If f(u) = 0 has only one root r, then u; = r
If f(u) = 0 has two roots ry and ry, where ry < 71, then u; = 7

Algorithm 16: matrixUpdate

input : M, u;,1
output: M’
Initialization: M’ = 03y,
for j=1toi—1do
L Mg ;1 = (Mo + w; My ;)71
for j =i to ng do
L My = (Mo 4 ui My j 4 u? My ;)
for ) =0 to ng do
L My ;= M,
My, = My
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Efficient implementation of the M-LRR algorithm

Based on the proposed M-LRR algorithm, a parallel factorization architecture for
list size L = 2 is proposed in Fig. 4.15. The proposed factorization architecture
computes two possible transmitted information vectors u(® and u" at the same
time. It takes at most ng cycles to compute all possible information symbols. As
shown in Fig. 4.15, after the interpolation step is finished, the output of polySel is
loaded into the matrix coefficient register M(® and M™). The equation coefficients
selector (ECS) unit computes the coefficients of f(u) as described in Algorithm 15.
The SV0O and SV1 units compute corresponding roots based on coefficients output
from the ECS unit. The coefficient matrix update (CMU) unit implements both the
shiftPow and matrixUpdate functions specified in Algorithms 14 and 16. Both ECS

and CMU can be implemented with combinational logic.

W 7z 7 polySel output 7 Aoz
L T T[T ] nozf Nz [ [ [ |
7 4 Znefka nefe 2 T
Mz 7z zr 7 40 Z &z fz iz
L T T[T ] [ T[T |
Z 4  Znz nzfz T2 T
nzz #& || z 7 fznz
L T T[T ] L T [ ]
Z 4  Znxz nzfe T T
>—
> ECS

k—e
ECS —
z z
b a
|

Z z z z

" s
- SV0 SV1

u NoZ NoZ

u
1 oM 1 i cM
U Nyz| |NxZ 1Y) %

Figure 4.15: Architecture of factorization for MV decoder (L = 2)

The quadratic equation f(u) = 0 over GF(¢™) is solved by enumeration. The
architecture of the proposed SVO0 unit is shown in Fig. 4.16. As shown in Fig. 4.16,

the proposed SVO consists of ¢ equation checkers. The checker-i unit checks whether
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f(i) =0, where i € GF(q). It outputs zero if f(i) = 0. The root selector (RS) unit
chooses the final roots. The root selection rule is specified in Algorithm 15. The
architecture of SV1 is almost the same as SVO except the slight difference in the
RS unit. The proposed SVO0 architecture is suitable for small or moderate q. Both
hardware cost and critical path will increase dramatically when ¢ is large.

It needs at most ng = ml — 1 cycles to finish the factorization step. As a result,

the worst case throughput is —Z& )Mb/ s, where f is the clock frequency.

max(N,no
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Figure 4.16: Architecture of SVO
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4.5 Implementation Results

The two decoder architectures proposed in Section 4.3 are implemented for the two
KK codes investigated in [43]: an (8, 8, 4) KK code over GF(2%) and a (16, 16, 8) KK
code over GF(2'%). The technology we used is a Free PDK 45nm process [73] which is
the same as that used in [43]. In Table 4.2, we compare the implementation results
of our decoder architectures with those in [43] in terms of gate count, frequency,
throughput and latency. The gate count is measured by the two-input one-output
NAND gate. The throughput of the proposed serial KK decoder architecture over
GF(2%) and GF(2'%) is 4.9 and 13.2 times of that of designs in [43], respectively,
while the gate count is only 56% and 76% of that of the designs in [43], respec-
tively. The unfolded decoder architecture achieves a throughput of 12.5Gb/s and
41.6Gb/s, respectively. The latency of the rank metric decoders in [43] over GF(2°)
and GF(2'9) is 8.6 and 20.9 times of the proposed serial and unfolded architectures.

The throughput per thousand NAND gates (throughput divided by the gate
count in thousands) of the proposed serial and unfolded KK decoder architectures
are much higher than the architectures in [43]. The throughput per thousand NAND
gates of the unfolded architecture is higher than that of the serial architecture,
because the upper bounds on N, g, Ny, D, ;, and D, ; above reduce the hardware
cost of coefficient registers, interpolators and the polyDiv units of the unfolded
architecture.

The proposed serial list decoder architecture is also implemented for a 2-dimensional
MYV code over GF(4%), where k = 3,1 = 3, L = 2. As shown in Table 4.2, the pro-
posed MV decoder achieves a throughput of 193Mb/s at the cost of 341.8k gates.

For KK and MV codes, the code parameters are restricted by the size of the finite
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field. The decoding complexity of long KK and MV codes may increase significantly
when the field size is large. In this chapter, we focus on KK and MV codes with
small parameters to reduce complexity. However, for practical applications, the
packet size is usually at the magnitude of several thousands of bytes. The proposed
decoder architectures also work for long codes based on Cartesian products of KK
or MV codes [43,46]. For example, suppose the packet length is 1000 bytes, we can
use the Cartesian product of 250 (8,8,4) KK codes over GF(28) to get a code of
length 2000 bytes. In this case, the evaluation of 250 polynomials are placed into
a single packet. The decoding of long packets is just the decoding of these 250 KK
codes. Based on the hardware complexity limit and throughput requirement, we

can use one or multiple (8,8,4) KK decoders.

4.6 Conclusion

In this chapter, based on a generalized interpolation and a reformulated right divi-
sion algorithms, an area efficient serial decoder architecture and a high throughput
unfolded decoder architecture are proposed for KK codes. The implementation re-
sults show that the proposed decoder architectures are much more efficient than
previously proposed rank metric decoder architectures. A serial list decoder archi-
tecture for MV codes is also proposed. An M-LRR algorithm is proposed for efficient
implementation of the factorization step of the decoding of MV codes. The synthe-
sis results demonstrate that the proposed list decoder architecture for MV codes
is feasible for hardware implementation. Future works include developing efficient

decoder architecture for fields with large sizes to achieve a good tradeoff between

113



4.6. CONCLUSION

error correction capability and hardware complexity.
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Chapter 5

An Efficient List Decoder

Architecture for Polar Codes

5.1 Introduction

Polar codes, recently introduced by Arikan [18], are a significant breakthrough in
coding theory. It is proved that polar codes can achieve the channel capacity of any
discrete or continuous memoryless channel [18,19]. Polar codes can be efficiently
decoded by the low-complexity successive cancelation (SC) decoding algorithm [18]
with a complexity of O(N log N), where N is the block length. To approach the
channel capacity using the SC algorithm, polar codes require very large code block
length (for example, N > 220 [20]), which is impractical in many applications.
For short or moderate length, the error performance of polar codes under the SC

algorithm is worse than that of Turbo or low-density parity-check (LDPC) codes [21].
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Lots of efforts [21-28] have already been devoted to the improvement of error-
correction performance of polar codes with short or moderate lengths. An SC list
(SCL) decoding algorithm was proposed recently in [21], which performs better
than the SC algorithm and performs almost the same as a maximum-likelihood
(ML) decoder [21]. In [22-24], the cyclic redundancy check (CRC) is used to pick
the output codeword from L candidates, where L is the list size. The CRC-aided
SCL algorithm performs much better than the SCL algorithm at the expense of
negligible loss in code rate.

In terms of hardware implementations of the SC algorithm, an efficient semi-
parallel SC decoder was proposed in [20], where resource sharing and semi-parallel
processing were used to reduce the hardware complexity. An overlapped computa-
tion method and a pre-computation method were proposed in [29] to improve the
throughput and to reduce the decoding latency of SC decoders. Compared to the
semi-parallel decoder architecture in [20], the pre-computation based decoder archi-
tecture [29] can double the throughput. A simplified SC decoder for polar codes,
proposed in [30], reduces the decoding latency by more than 88% for a rate 0.7 polar
code with length 2!8.

The investigation of efficient list decoder architectures for polar codes is moti-
vated by improved error performance of the SCL and CA-SCL algorithms, especially
for polar codes with short or moderate lengths. The tree search list decoder architec-
ture for the SCL algorithm proposed in [31] is the first list decoder architecture for
polar codes in the literature to the best of our knowledge. In this chapter, we pro-
pose the first hardware implementation of the CA-SCL algorithm to the best of our

knowledge. Based on both algorithmic and architectural improvements, our decoder
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architecture achieves better error performance and higher area efficiency compared
with the decoder architecture in [31]. Specifically, the major contributions of this

work are:

1. Message memories account for a significant fraction of an SC or SCL de-
coder [20,31]. In this chapter, an area efficient message memory architecture
is proposed. Besides, a new compression method for the channel messages is

used to reduce the area of the proposed decoder architecture.

2. An efficient processing unit (PU) is proposed. For the proposed list decoder
architecture, a fine grained PU profiling (FPP) algorithm is proposed to de-
termine the minimum quantization size of each input message for each PU so
that there is no message overflow. By using the quantization size generated

by the FPP algorithm for each PU, the overall area of all PUs is reduced.

3. An efficient scalable path pruning unit (PPU) is proposed to control the copy-
ing of decoding paths. Based on the proposed memory architecture and the

scalable PPU, our list decoder architecture is suitable for large list sizes.

4. A low-complexity direct selection scheme is proposed for the CA-SCL algo-
rithm when a strong CRC is used (e.g. CRC32). The proposed direct selection

scheme simplifies the selection of the final output data word.

5. For a (1024, 512) rate—% polar code, the proposed list decoder architecture
is implemented for list size L = 2 and 4, respectively, under a 90nm CMOS
technology. Compared with the decoder architecture in [31] synthesized under

the same technology, our decoder achieves 1.24 to 1.83 times area efficiency
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(throughput normalized by area). Besides, the proposed CA-SCL decoder has

better error performance compared with the SCL decoder in [31].

The rest of this chapter is organized as follows. In Section 5.2, polar codes as
well as the SCL and CA-SCL algorithms are briefly reviewed. Two improvements
of the CA-SCL algorithm are discussed in Section 5.3. The proposed list decoder
architecture is described in Section 5.4. Section 5.5 shows the implementation and
comparison results of the proposed list decoder architecture. The conclusions are

drawn in Section 5.6.

5.2 Polar Codes and Its CA-SCL Algorithm

5.2.1 Polar Codes

A generation matrix of a polar code is an N x N matrix G = By F®", where N = 2",

By is the bit reversal permutation matrix [18], and F' = H (1]] . Here ®n denotes the

nth Kronecker power and F®" = F@ F®"=1_ Let u) ™' = (ug,uy, -+ ,uy_1) denote
the data bit sequence and xév ' = (zg, 71, -+ ,2x_1) the corresponding encoded bit
sequence, then z)'"' = u)'"'G. The indices of the data bit sequence uj ' are

divided into two sets: the information bits set A contains K indices and the frozen

bits set A€ contains N — K indices.

5.2.2 SCL and CA-SCL Algorithms

List decoding was applied to the SC algorithm in [21] and the resulting SCL algo-

rithm outperforms the SC algorithm. For a list size L, the SCL algorithm keeps at
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Algorithm 17: SCL algorithm [21]

input : n,the received channel message yév -1

output: o)

for(=0to L —1do
for 5=0to N —1do
L H,O[ﬁ][s] = Pl“(’y5|8)75 =0,1
for A\=0tondonrA =0

fort=0to N —1do
for A\ =¢' ton—1dor)\ =1
foreach survived decoding path | do
L metricComp(l, 7)
if + € A° then

foreach survived decoding path | do
L | iy = Cip[0][i mod 2] =0

else
L pathPruning(FPo,, -+, Pr—1.n)
if © mod 2 ==1 then
foreach survived decoding path | do
L pUpdate(l, n,7)
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Algorithm 18: metricComp(/, i) [21]
input :/[:
determine (b,(f), bs)_l, e ,bﬁ”) and ¢
for A = ¢ to n do
for k=0 to 2" do
if 5 =1 and A = ¢®) then
s = Ci,[0][0]
Bialk][u]
= G(Pp-yp-1[2k], Pryp-qa-1[2k + 1], )
= 1P -1 2K [u @ 8] - Pypoaa—1[2k + 1][u] for u € {0,1}

else

Pialk][u] = F(Pa-1[2k], P2k + 1])
= 2 3P 2K [u @ W] - P2k + 1) [v]

u'=0
| forue{0,1}
most L decoding paths and outputs L possible data words ﬂé\fgl, zlffgl, e ,ag:l{o,
where ﬁ%‘l = (U0, U0, -+ ,U,n-1). A low complexity state copying scheme was

proposed in [31] to simplify the copying process when a decoding path needs to be
duplicated.

Forl=0,1,--- ,L—1land A= 0,1,--- ,n, let P, be an array with 2"~* elements:
P[] contains two messages P[7][0] and P y[f][1] for j = 0,1,--- ,2"* — 1.
has the same structure as P, y: Cj,[j] contains two binary partial sums Cj[7][0]
and Cj,[j][1] for j = 0,1,---,2"* — 1. The SCL algorithm with low complexity
state copying [31] is reformulated in Algorithm 17. For the decoding of w;, the SCL

algorithm can be divided into the following parts:

e For each surviving decoding path [, compute the path metrics P,,[0][0] and

P, ,,[0][1] using the recursive function metricComp(l,7) shown in Algorithm 18.
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Fori=1,2,--- ,N—1, let (bg), bgf)_l, e bgi)) denote the binary representation
of index i, where i = Z?:_ol 2jb£f)_j. ¢ (1 < ¢ < n) in Algorithm 18 is the
largest integer such that b((;gi) = 1. When i = 0, ¢ = 1. Based on the
recursive algorithm for computing path metric in [21] and the low complexity
state copying algorithm in [31], the path metric computation is formulated in a
non-recursive way in Algorithm 18, where r; = (r;[n — 1], 7[n—2],--- ,r[0]) is
the message updating reference index array for decoding path [. For decoding
path [, r;[0] = 0, while all other elements are initialized with 0. Two types of

basic operations, denoted as F' and G operations, respectively, are employed

in Algorithm 18.

o If u; is a frozen bit, for each decoding path, the decoded code bit 4;; = 0,
decoding path [ will carry on with 4;; = 0. If ; is an information bit, decoding
path ! (I =0,1,---,L — 1) splits into two decoding paths with corresponding
path metrics being P, ,[0][0] and P,,[0][1], respectively. There are at most
2L paths after splitting, and 2L associated path metrics. The pathPruning
function in Algorithm 17 finds the L most reliable decoding paths based on

their corresponding path metrics.

e For each of the L surviving decoding paths, the pUpdate(l, n,7) function shown
in Algorithm 19 [21] updates the partial sum matrices that will be used in the

following path metric computation.
We make several observations about the path metric computation:

e When ¢ =20, Py, ---, P, are updated in serial, and only the /' computation

is employed.
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e for i >0, P 4m, -, P, are updated in serial. The G' computation is used
when computing P, 4, while the ' computation is used for the other proba-

bility message arrays.

e The computation of P, 4 is based on P, 46 _1] 401, while the computation

T

of Py (A > ¢") is based on P _;.

Algorithm 19: pUpdate(l, A, i) [21]

input :[, A\
if A == 0 then return
j=1i/2]

for 3=0to 2"* —1do

L Cia-1[2B8][7 mod 2] = C)\[B][0] © CiA[B][1]
017)\_1[25 + 1][] mod 2] == 017)\[5][1]

if j mod 2 == 1 then pUpdate(l, A — 1, j)
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(go) ([Tl + o] g + [1 @ n][ye] ¥ [o)[1 + 2] + [n][yg] 7 ig)xew = ([T 4 yg] " ‘[¥g) " g)d
(ze)[T][1 + 2] g + [1 @ n){ye) ¥ [ol[1 + ye] Y + [n][yg] 7Y ) xew = ([1 + 5] TV ye) )
Q.mv E: + v\mﬁi,:ls:& + ? e n 3&74?3:& — Aw ﬁ 4 vﬁTiT«?& “T\mﬁiﬁi_:@vb

— =,
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The path pruning function, pathPruning, finds the L most reliable paths, ay,
ai, -+, ar, and their corresponding decoded bits, cg, ¢y, -+, cp, based on the path
metrics. The path metrics of the surviving L decoding paths are the L largest ones
among 2L input metrics. Once the surviving decoding paths are found, the partial
sums and the reference index array of decoding path [ will copy from decoding path
a;. The partial sum computation of decoding path [ is carried on with the binary
input ¢.

The pruning scheme in this chapter and the path pruning scheme in [28] both
try to eliminate decoding paths that are less reliable. However, there are still some

differences:

e The pruning scheme in [28] is used for successive cancelation stack (SCS)
decoding algorithm as well as the SCH decoding algorithm, which is a hybrid
of SCL and SCS decoding algorithms, whereas our pruning scheme is used for

the SCL algorithm.

e For the SCL algorithm, suppose there are L decoding paths before the decoding
of u;, then the metrics of 2L expanded decoding paths are computed. The
pruning scheme in this chapter finds the L largest metrics out of 2L metrics and
keeps their corresponding decoding paths. For the pruning scheme in [28], a
path will be deleted if its path metric is smaller than a dynamic threshold, a; —
In(7), where a; is the largest metric of candidate paths, and 7 is a configuration

parameter.

e For the path pruning scheme in [28], the number of deleted paths is not fixed

and depends on the configuration parameter 7, while the number of deleted
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paths is always L for the pruning scheme in this chapter.

The F' and G operations in Algorithm 18 are in probability domain. The F' and
G operations in Algorithm 18 can also be performed over the logarithm domain [23].
For u € {0, 1}, the resulting logarithm domain G and F' computations are shown in
Eq. (5.1) and Eq. (5.2), respectively, where max*(z, y) = max(x, y)+log(1+e~l#=vh.
max*(z,y) can also be approximated with max(x,y), resulting in the approximated
F computation in Eq. (5.3).

In [22], the performance of the SCL algorithm is further improved by the adoption
of CRC, which helps to pick the right path from the L possible decoded data words.
In terms of the fixed point implementation, the CA-SCL algorithm is quite sensitive
to saturation. For two decoding paths, it is hard to decide which is better if the
metrics of both paths are saturated. In order to avoid message saturation, a non-
uniform quantization scheme is proposed in [31]. If the channel messages (P,o) are
all quantized with ¢ bits, all the log-likelihood messages (LLMs) of P, ) need to be

quantized with ¢t 4+ A bits in order to avoid saturation.

5.3 Two Improvements of the CA-SCL Algorithm

In this chapter, two improvements of the CA-SCL algorithm are proposed. Firstly,
for the i-th received bit y;, there are two likelihoods, Pr{y;|0} and Pr{y;|1}. Suppose
Pr{y;im} (m € {0, 1}) is the smaller one among the two likelihoods. For j € {0,1},

two log-likelihood messages (LLMs) are defined as

Pralillj] = log -7

=1lo Pr{ym}’ (5.4)
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Thus one of the LLMs is always 0, and the other is always non-negative. For the
proposed list decoder, only the non-negative LLM and its corresponding binary
index s are stored. As shown in Fig. 5.1, Msg denotes the stored non-negative LLM,
and its corresponding bit index is s. When s = 0, P([¢][0] = Msg, F,o[i][1] = 0.
When s = 1, P,[i][0] =0, P,o[i][1] = Msg. If ¢ bits are needed to quantize a channel
LLM, it takes t + 1 bits to represent two LLMs corresponding to a received bit y;,

while it takes 2t bits to store two LLMs directly.

Msg S

Figure 5.1: Compressed channel message

Secondly, at the end of the CA-SCL decoding algorithm, the candidate data word
that passes the CRC and has the greatest path metric is the output data word, which
will incur additional comparisons. In this chapter, a simple direct selection scheme
is proposed: we first calculate all L checksums in parallel and then scan from the
checksum of data word 0 to the checksum of data word L — 1, if a data word passes
the CRC, the scan process is terminated and the corresponding candidate data
word is the final output one. When all L, CRC checks fail, since the CRC checksum
could be corrupted, a decoding failure is announced if re-transmission is possible;
otherwise, pick a data word randomly and output.

The direct selection scheme reduces computational complexity at the expense
of possible performance degradation. In this chapter, we give an estimation of the
frame error rate (FER) degradation. Let w denote the number of the detectable
errors for our CRC. Assume all the bits of the final L candidate data words are

independently subject to a bit error probability, p,. We calculate the increase in
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FER, P., caused by the direct selection scheme instead of the ideal selection scheme,
which always selects the transmitted data word if it is within the final L candidates.

For each candidate data word, there are three probabilities:

e The probability that the candidate data word is the same as the transmitted

one is givn by p; = (1 — p,)~.

e The probability that the candidate fails the CRC is denoted as ps.

e The probability that the CRC identifies the candidate as the transmitted data
word by mistake is denoted as p3, and p3 = ZK (I:)pg(l — )T =

r=w-+1
(up)pf ™ (L= po)

Thus, p; + p2 + p3 = 1. We have

L
Pe<p1 b

L1 —p)- 5.5
31—p2+p2 (1—p1) (5.5)

Note that p, depends on the signal to noise ratio (SNR) and the list size L. For a
specific SNR, in order to simplify our analysis, we can use P, SC to approximate py,
where P,.SC denotes the bit error probability of the SC algorithm. The probabilities,
po and ps, are also approximated. Though approximated probabilities are employed
when calculating P., the order of P, still helps us in determining whether our direct
selection scheme is applicable. For instance, when a strong CRC is used, i.e. large
w, p3 is small, leading to a small P,. On the other hand, a higher data rate leads to

a greater K and hence a greater P..
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5.3.1 Numerical Results

For a rate 1/2 polar code with N = 1024, the FERs of the SC, SCL and CA-SCL
algorithms are shown in Fig. 5.2, where SC denotes the floating-point SC algorithm.
CS2-max and CS2-map denote the floating-point CA-SCL algorithm with L = 2 and
the approximated F' computation shown in Eq. (5.3) and the F' computation shown
in Eq. (5.2), respectively. CSi-max-j denotes the fixed-point CA-SCL algorithm
with L =i and non-uniform quantization scheme with ¢ = j, where ¢ is the number
of quantization bits for channel probability message. Si-max-j denotes the fixed-
point SCL algorithm with L = ¢ and non-uniform quantization scheme with ¢ = j.
For all simulated CA-SCL algorithms, a CRC scheme with a generator polynomial
0x1EDC6F41 is employed, and the direct selection scheme is employed to pick the
final output codeword from L possible candidates.

10" 5

LjA —o— SC

B . ‘ —x— CS2-max

7 &\‘ \\ : —4— CS2-map
107 oI N gt —o— CS2-max-3f
\ 3 & S : —<+— CS2-max-4
U : —— CS4-max-4
. X \1 \K —o— CS8-max-4
107 o EEREE —o— S2-max-3 |

: | —o— S4-max-3

FER
45

107 3=

20 25 3.0 35 4.0
SNR (dB)

Figure 5.2: FER performance of a polar code with N = 1024

The simulated results show that:
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e For the CA-SCL algorithm, the approximated F' computation in Eq. (5.3)

results in negligible performance degradation.

e When each channel LLM is quantized with 4 bits, the employment of the
proposed non-uniform quantization scheme leads to negligible performance
degradation. When each channel LLM is quantized with 3 bits, the resulting

FER performance is roughly 0.2dB worse than that using 4-bit quantization.

e Using a larger list size leads to obvious performance improvement for the
CA-SCL algorithm, whereas the SCL algorithm with L = 2,4 has nearly the
same performance, especially in the high SNR region. For polar codes with
moderate block length (e.g. N = 2! 212 213) gimilar phenomena have been

observed in [22].

More simulation results on the proposed direct selection scheme are provided.

There are three selection schemes employed in our simulations.

e The proposed direct selection (DS) scheme, which outputs the first data word

that passes CRC.

e Ideal selection (IS) scheme, which always outputs the correct data word if it

exists in the final list.

e Metric based selection (MS) scheme [22], which outputs the data word that

has the maximal path metric among all data words that have passed CRC.

In Figs. 5.3 and 5.4, DSk, ISk and MSk denote the CA-SCL algorithms with list
size L = k under the direct, ideal and metric based selection schemes, respectively.

The generation polynomial of the CRC16 used in our simulations is 0x1021.
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As shown in Fig. 5.3, when code rate is 0.75 and CRC16 is used, the proposed
direct selection scheme introduces early error floor for all simulated list sizes, while
the metric based selection scheme performs nearly the same as the ideal selection
scheme. When code rate is 0.5, as shown in Fig. 5.4, the direct selection scheme
performs nearly the same as the ideal selection scheme with list size L = 2. When
list size L = 4, 8, 16, the proposed direct selection scheme shows certain performance
degradation compared with the ideal selection scheme, while the metric based selec-
tion scheme has little performance degradation. When CRC32 is used, the proposed
direct selection scheme performs nearly the same as the ideal selection scheme for

both code rates 0.5 and 0.75 [74].
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Figure 5.3: FER performances under CRC16 and rate 0.75

We also calculate the bound on the FER degradation for all simulated cases. We
choose SNR = 3.6dB, since DS4, DS8 and DS16 begin to show an error floor at this
SNR in Fig. 5.3. For the length 1024 polar code, the bit error probability p, of the

SC algorithm is 6.28 x 10™% and 3.04 x 107° for rate 0.75 and 0.5, respectively. For
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Figure 5.4: FER performances under CRC16 and rate 0.5

CRC16 and CRC32, w = 2 [75] and 4 [76], respectively. When CRC16 is used, for
each simulated list size, the bound is around 10=2 and 107! for rate 0.75 and 0.5,
respectively. When CRC32 is used, for each simulated list size, the bound is 10~*
and 10717 for rate 0.75 and 0.5, respectively. It is found that the error degradation
caused by our DS scheme is big when the corresponding P, is big (e.g. 1072). On
the other hand, when P, is quite small (e.g. 107'7), our DS scheme leads to little
performance degradation.

Based on our calculation results, for a given CRC and code rate, P, increases
with the list size L. This observation indicates that the potential performance degra-
dation caused by the DS scheme will increase when L increases. This is consistent

with the simulation results shown in Figs. 5.3 and 5.4.
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Figure 5.5: Top architecture of the list decoder
5.4 Efficient List Decoder Architecture

For the CA-SCL algorithm, we propose an efficient partial parallel list decoder ar-
chitecture shown in Fig. 5.5. The proposed list decoder architecture mainly consists
of the channel message memory (C-MEM), the internal LLM memory (L-MEM), L
processing unit arrays (PUAs) (PUAy, PUA4, ---, PUA, 1), the path pruning unit
(PPU) and the CRC checksum unit (CRCU). These components are described in

details in the following subsections.

5.4.1 Message Memory Architecture

The L-MEM stores all the inner LLMs used for metric computation. Since all the
LLMs in P\ need to be quantized with ¢t + A bits for A > 1, the variable-size
LLMs make the L-MEM architecture for the proposed list decoder nontrivial. In
this chapter, an area efficient scalable memory architecture for L-MEM is proposed

based on the nonuniform quantization:

e For A = 1,2,--- ,n, since each LLM within Py = (P, Pia, -+, Pr—1) is
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quantized with ¢ + A\ bits, a regular sub-memory is created for storing LLMs

in P,\.
e All n sub-memories are combined to a single memory.

e Due to the nonuniform quantization, the width of each sub-memory may be
different. As a result, the concatenated L-MEM is an irregular memory with
varying width within its address space. For the proposed memory architec-
ture, the irregular L-MEM is split into several regular memories to fit current

memory generation tools.

The proposed L-MEM is a mix of different types of memories, including SRAM,
register file (RF) or register. Since SRAM and RF are more area efficient than a
register, the proposed L-MEM architecture is better than the register based LLM
memory in [31].

Suppose there are T processing units (PUs) in each PUA shown in Fig. 5.5, it

consumes at most 4L7T LLMs for one round of computation. For A = 1,2,--- ,n,
we store all the LLMs within Py = (FPyx, Pix, -+, Pr—1,) in a single memory as
follows.

gn-A—1

e When 2" M1 > 4LT, it takes a sub-memory of words, where each

T

word has 4LT(t + A) bits.

e When 2" 1L < 4LT, it takes a sub-memory with only one single word,

which has 2"~ **1(t + X)L bits.

An example of the concatenation of n = 6 sub-memories, (Sy, So, -+, Sg), is shown

in Fig. 5.6(a). For current memory compiler, it is hard to generate an irregular single
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memory instance as shown in Fig. 5.6(a). For the proposed L-MEM architecture,
the concatenated irregular memory is split into several regular memory instances
as shown in Fig. 5.6(b), where additional dummy memories are added so that each
instance is regular. For general cases, the irregular memory is divided into A\, =
n —log, T'— 1 regular instances. Depending on the number of words, each memory

instance could be implemented with SRAM, RF or registers.

M,

S

Sy

S3 My
1S4

s =
6
[ dummy memory
(a) (b)

Figure 5.6: The split of an irregular LLM memory

Compared with the register based LLM memory, the proposed L-MEM architec-

ture is more area efficient because:

e Some sub-memory instances can be implemented with SRAM or RF which is

more denser than register based memory.

e As shown in Fig. 5.6(b), most of the LLMs are store in the largest memory

instance M; which contains

Ao—1 n—A—1
Ny=n—X,+1
n + 1+ ; T

(5.6)

words, where each word has 4LT(t + 1) bits.
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As shown in Eq. (5.6), IV, is inverse to the number of processing units, 7', within
a PUA. As a result, the area of the proposed L-MEM depends on T for a fixed block
length N = 2" and ¢t. Taking RF as an example, we show the comparison of
area efficiency of RFs with different depths in Table 5.1, where area per bit (APB)
denotes the total area of a memory normalized by the number of total stored bits.
The total areas shown in Table 5.1 are from a memory compiler associated with a
90nm technology. As shown in Table 5.1, the RF with a larger depth has a smaller
APB. Hence, given the same amount of bits, it takes a smaller area if those bits can
be stored in a RF with a larger depth. For SRAM, the same phenomena have been
observed.

Table 5.1: Area per Bit for RFs with Different Depth and Width 128 using TSMC
90nm CMOS technology

depth 8 16 32 64 128
total area (um?) | 24331 | 27022 | 32308 | 42812 | 63811
APB (um?) 23.7 | 13.1 7.9 5.2 3.89

The C-MEM can be implemented with a simple regular memory with % words,
where each word has 27'(¢ + 1) bits. Due to the compression of the channel message,
each compressed channel message is de-compressed into two LLMs by the deComp
unit in Fig. 5.5 before being fed to the PUs. The deComp unit can be implemented

with multiplexors.

5.4.2 Processing Unit Array

The G and approximated F' computations shown in Eq. (5.1) and Eq. (5.3), respec-
tively, are used in the metric computation. These two types of basic operation can

be performed with a PU [31,74]. The hardware complexity of the proposed PU is
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determined by p, which is the width of an input LLM.

Due to the non-uniform quantization of the LLMs belonging to different message
arrays, for each PU, the number of quantization bits, p, for each input LLM should
be large enough so that no overflow will happen. According to the fixed point
implementation of the CA-SCL algorithm, the quantization of P, ({ =0,1,--- ,L—
1) needs the most binary bits, which is ¢ + n. For each PUA] it is unnecessary to
employ T' PUs with p+1 = t+n. In this chapter, a fine grained PU profiling (FPP)

algorithm, shown in Algorithm 20, is proposed to decide p for each PU.

Algorithm 20: FPP Algorithm
input :n,t,\, =n—1log, T —1
output: p[0],p[1], - ,p[T — 1]
for j=0to 7 —1do

| plil=t+X—1
for A\=),+1tondo
Lforj:0t02”’\—1do

| plil=t+Ar-1

Table 5.2: Bit width of LLM Inputs of PU; ; when n =10, T'=8 and ¢ = 4

J o0 1[2[3[4]5]6]7
plj] | 13 [12 [ 11 | 11 [ 10 | 10 | 10 | 10
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For the j-th PU of PUA; (I = 0,1,--- ,L — 1), each LLM input is quantized
with p[j] bits. The proposed FPP algorithm is based on the observation that only
2" < T PUs are needed when computing the updated P,y with A > X,. Thus, in
the proposed PUA;, only PU; o, PU;, - -+, PU; 9n-»_; are enabled for the computing
of P, . Based on the proposed FPP algorithm, each PUA can finish the metric
computation without any overflow at the cost of less area consumption. As shown
in Algorithm 20, the bit width of the LLM inputs of a PU is determined by n, T
and t. One example is shown in Table 5.2, where n = 10, T'= 8 and t = 4.

The area saving due to the proposed fine grained profiling algorithm also depends
on T, n and t. For the proposed list decoder architecture, there are L identical PU
arrays, where each array contains 7' PUs. In Table 5.3, we compare the area of a
regular PU array with that of an array where the input message width of each PU is
determined by the fine grained profiling algorithm. As shown in Table 5.3, the area
of PU arrays is reduced by 30% to 55% depending on the number of PUs with an
array and the block length N = 2". Here, each channel message is quantized with

t = 4 bits.

Metric Computation Schedule

For the proposed L-MEM, each data word is capable of storing 47, LLMs. More-
over, each word is equally divided into L consecutive parts, where the [-th part stores
the LLMs corresponding to decoding path [. The metric computation schedule is
almost the same as that of the partial parallel SC decoder in [20] except that L
PUAs work simultaneously for L decoding paths, respectively.

When a data word needs to be updated, the write mismatch would happen since
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L PUAs generate only 2L7T updated LLMs during one clock cycle. These L PUAs
need to read two consecutive data words from L-MEM in order to generate 4T'L
LLMs. For the proposed list decoder architecture, as shown in Fig. 5.5, L write
buffers (wBUFs) are employed to store half of 47'L, LLMs generated by L PUAs.
Once the remaining LLMs are computed, the output selection (OSel) module formats
these LLMs in the way that these LLMs are stored in the L-MEM.

Since all the LLMs belonging to Py = (Py, Py, -, Pr—1) with A > ), are
stored in a single data word in L-MEM and the computing of LLMs belonging to
P, can only take place once P, are updated, an additional clock cycle is needed
to read out the LLMs within P, that have been just written into the L-MEM. This
will increase the delay and decrease the throughput of the proposed list decoder. As
shown in [20], the bypass buffer, rBUF, is used to temporarily store the messages

written into the L-MEM and eliminate the extra read cycle.

5.4.3 Path Pruning Unit

For the CA-SCL algorithm, once the path metric computation of decoding step ¢ is
finished, each current decoding path splits into two sub decoding paths. However,
the list decoder keeps at most L decoding paths. For the proposed list decoder archi-
tecture, a path pruning unit (PPU) is proposed to prune the split decoding paths in
an efficient way. As shown in Fig. 5.5, the proposed PPU contains two sub modules,
the maximum value filter (MVF) and the crossbar control signals generator (CCG).
The MVF generates L path indices ag, aq, - ,ar_1 and L associated decoded bits
Co,C1,- -+ ,cr_1. For a current decoding path [, both the path metric and partial sum

computations will be based on the LLMs and partial sums within decoding path a,
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and the decoded data bit for u;; is ¢;. a; and ¢ for [ =0,1,---,L — 1 are used to

control the copying of partial sums and checksums.

Table 5.4: Comparison of ASIC implementation results using TSMC 90nm CMOS
technology

\ metric sorter [31] \ proposed MVF
L 2 4 8 16 32 2 4 8 16 32
CPD (ns) 0.45 | 0.85 1.8 4.1 9.6 0.54 | 1.25 2.25 3.7 5.2
area (um?) | 1995 | 9199 | 47119 | 241633 | 1392617 | 1580 | 8401 | 30814 | 96979 | 319498
area saving - 20% | 8% | 34% | 59% 7%

Maximum Values Filter

Taking list size L = 8 as an example, the proposed MVF architecture, shown in
Fig. 5.7, consists of a bitonic sequence generator (BSG) and a stage of compare and
select (CAS) modules. The BSG has 16 inputs (Dy, Dy, -+, D1g) and 16 outputs
(So, 51, ,S16). Each input or output consists of three parts: the path metric,
the associated list index and decoded bit. The width of each input and output is
z = x1 + x5 + 1, where 1 = t 4+ n is the number of bit used to quantize a path
metric and zo = log, L is the number of bits used to represent a list index.

Each stage of the BSG consists of % increase-order sorters (ISs) and % decrease-
order sorters (DSs), which are shown in Fig. 5.8(a) and Fig. 5.8(b), respectively.
Both the IS and DS have two inputs and two outputs. For k& = 0,1, SI, =
(LR, g, bi), SO, = (LR}, 1}, b,,) and LRy, [ and by denote the path metric and its
corresponding list index and decoded bit. The IS reorders the inputs such that path
metric LR < LR}. The output of the comp-max module is 1 when LRy > LR;.
The DS reorders the inputs such that LR > LR} and the output of the comp-min

module is 1 when LRy < LR;.
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The BSG reorders the inputs based on the magnitude of path metrics. Let
LS, (r = 0,1,---,15) denotes the associated path metric of output S,, the path

metrics of the 16 outputs satisfy:

LSy < LS, <--- < LSy, (5.7)

LSs > LSy > -+ > LSs. (5.8)

It is proved in [77] that the 8 maximum values among LS;’s are max(LS,, LSs,)
for r =0,1,---,7. Hence, a stage of CAS modules is appended at the outputs of
BSG shown in Fig. 5.7, where CSA, takes S, and S,;g as inputs. This stage of
CAS modules produce the outputs O; = (a;,¢;) for { =0,1,--- , L —1. As shown in
Fig. 5.8(c), the CAS module compares the path metrics of its two inputs and selects

the corresponding list index and bit value whose associated path metric is larger.

o 1'
) o/in!
. Il 'pl
2 lll

o l
i o Al
e ONDID| DS
B fos] o] Jos] os] o]

Bitonic Sequence Generator (BSG)

Figure 5.7: Maximum values filter architecture

The metric sorter in [31] has the same function as that of the proposed MVF. We

compare the proposed bitonic sorter based MVF module with the metric sorter [31]
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0) xo+1

Figure 5.8: (a) Architectures of IS (b) Architectures of DS (c) Architectures of CAS
(Z =2+ X2+ 1)

in terms of area and critical path delay (CPD) under different list sizes when both
modules are synthesized under the TSMC 90nm CMOS technology. As shown in
Table 5.4, the proposed MVF module is more suitable for large list sizes. For
list size L = 2 to 32, the proposed MVF achieves 8% to 77% area saving. The
proposed MVF architecture achieves area saving because the comparator dominates
the area for the metric sorter and the MVF modules. For list size L, the metric
sorter needs Ny s = L(2L — 1) comparators, while the proposed MVF module needs
Nuve =142+ +logy, L = £((log, L) + log, L + 2) comparators. When L is

4

large, Nys/Nyve =~ logf 7. Clearly, our MVF module needs fewer comparators.

When L = 2,4,8, compared with the metric sorter, the proposed MVF has
longer CPD while achieving area saving. However, the longer delay for the MVF
is inconsequential because it is not in the critical path for the decoder architecture
when L < 8. When L = 16, 32, the proposed MVF is better than the metric sorter
in terms of both area and CPD. Thus, the proposed MVF is more suitable for large

list sizes.
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Crossbar Control Signal Generator

Due to the lazy copy method [31], when decoding path [ needs to be copied to
decoding path ', instead of copying LLMs from path [ to path I’, the index references
(r; = (ry[n —1],--- ,1r[0]) shown in Algorithm 18) to LLMs of path [ are copied to
path I'. For decoding path [, when PUA; is computing updated LLMs in P, ,, the
crossbar (CB) module shown in Fig. 5.5 selects input LLMs from decoding path
r([A — 1]. The CB can be implemented with L-to-1 multiplexors.

The crossbar control signal (CCG) generator computes the control signals of CB,
cCp, CCy, -+, ccr, — 1, where the [-th output of CB is connected to the cci-th input.
Since the CCG is a direct implementation of the lazy copy scheme in [31], the details

are omitted and can be found in our extended manuscript [74].

5.4.4 Partial Sum Update Unit and the CRC Unit

In this chapter, a parallel partial sum update unit (PSU) is proposed to provide
the partial sum inputs to L PUAs when performing the G computation. Compared
with the PSU in [20,31], which needs N — 1 single bit registers for a decoding path,
our PSU needs only % — 1 single register bits.

Take N = 23 as an example, the architecture of PSU;, which computes the
partial sums for decoding path [, is shown in Fig. 5.9, where stages and stage,; have
one and two elementary update units (EUs), respectively. 750, 72,0, 71,21 shown
in Fig. 5.9 are single bit registers. ¢; = u;; is the binary input of the PSU;. There
are three partial sum outputs: 03, b2 and b;; with a width of 1, 2 and 4 bits,
respectively. When the LLMs in P, need to be updated with the G' computation,

b;» is the corresponding partial sum input. The architectures of PSU; for other
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code lengths can be derived from the architecture in Fig. 5.9. For a polar code with
length N = 2", the corresponding PSU; contains n — 1 stages: stage,,, stage,,_1, - - -,
stages, where stage; has 2”7 EUs for n > j > 2.
When bit index 7 is even, ¢ is stored in 77,0 and other registers keep their
current values unchanged. When bit index ¢ is odd, bit registers in stage,, stage,,
-+, stageyu+ are updated with their corresponding input. When decoding path
index | # a;, the updated partial sums of decoding path [ should be computed based
on the bit registers in PSU,,. The switch network (SW) shown in Fig. 5.9 selects

the corresponding bit register value from PSU,. The width of the input signal

Bk =Aro ik T1k > Th—14k {715k} 18 L — 1 bits.

—_— stages _bl,Z[OI]_ ___Stage, _ _
bl’S[ﬁo]'B-_w’O Ll_ 1 SW LCD: L BroH ) r\:b'[rll[()]
é |_ _____ ! ' ' ool SW v:b#‘[l]

EU3, | ===

blz[l] EUZO
fom—— e

| Bl,z,ll"l oW Ibff«l[z]
:_ . N1b,,1[3]

Figure 5.9: PSU architecture
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The CRC unit (CRCU) checks whether a data word passes the CRC. Suppose
an h-bit CRC checksum is used, the architecture of the CRCU,; for decoding path
[ is shown in Fig. 5.10, where the generation polynomial for the CRC checksum
computation is p(x) = 2" +p,_12" 1+ -+pz+1. The proposed CRCU; is based on
a well known serial CRC computation architecture [78]. If the polynomial coefficient
pr = 0, the corresponding XOR gate and multiplexer are removed. During the
decoding of the first K —h information bits, the control signal shift; = 0 and CRCU,
computes the h-bit checksum of these information bits. The checksum is stored in
bit registers d;o,d;1, - ,dip—1 shown in Fig. 5.10. When a frozen bit is being
decoded, d;o,d 1, - ,d;p—1 will not be updated. Once the checksum computation
is finished, the checksum is compared with the remaining h decoded information
bits, and the control signal shift; = 1. The checksum and the remaining A code bits
are compared bit by bit. The comparison result is stored in the register cs;. The
decoded codeword for decoding path [ passes the CRC only if ¢s; = 0. The SW
module shown in Fig. 5.10 is the same as that used in the partial sum computation

unit PSU;. When [ # a;, the SW module selects d,,  for k=0,1,--- ,h — 1.
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5.4.5 Decoding Cycles

For the proposed list decoder, pipeline registers can be inserted in the paths that pass
through the MVF. Let N¢ denote the number of cycles spent on the decoding of one
data word. For list decoder architectures based on partial parallel processing [20],

N N
No = 2N + T log, T +n,RN, (5.9)

where N, T', n,, R denote the block length, the number of PUs per decoding path,
the number of pipeline registers inserted in the path pruning unit and the code rate,
respectively.

The corresponding throughput TP = ’;]VV—CR, where f is the frequency of the list

decoder. The latency Tp = %

5.4.6 Scalability of the Proposed List Decoder Architecture

For our list decoders, in term of error performance, it is desirable to use large list
sizes since a larger L leads to more performance gain for the CA-SCL decoding
algorithm. For the current list decoder architecture in [31], two problems arise

when L increases.

e The message memories of the list decoder in [31] are built with registers due to
the non-uniform quantization of the logarithm domain messages. Besides, the
message memories dominate the whole decoder area. As a result, the memory
area of the list decoder is linearly proportional to list size L. For a larger list
size, the list decoder architecture in [31] will suffer from large area and high

power consumption due to its register based memory.
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e As shown in Table 5.4, when the list size grows, the metric sorter suffers
from large area and long critical path delay, which results in a slower clock
frequency of the list decoder. If multiple pipelines are inserted in the metric

sorter, the number of cycles for decoding one codeword also increases as shown

in Eq. (5.9).
For our list decoder architecture, these two issues are solved as follows.

e The proposed memory architecture is more area efficient compared to register
based memory. Besides, the proposed memory architecture offers a tradeoff
between data throughput and memory area. The register based memory [31]
remains almost unchanged when the number of PUs changes. However, for the
proposed memory architecture, the number of PUs affects the depth-width ra-
tio of the message memories. Hence, the area of message memory can be tuned
by varying the number of PUs. Reducing the number of PUs will increase the
depth of message memories, which is more area efficient. On the other hand,
reducing the number of PUs will also increase the number of cycles used on

decoding one codeword and decrease the data throughput.

e When the list size increases, the proposed MVF is more area efficient and has

a shorter critical path delay compared with the metric sorter [31].

As shown in Eq. (5.6), the depth of the largest LLM memory instance will
increase when N increases. Hence, the area efficiency will be improved when N

increases. As a result, our list decoder architecture is more suitable for large block

length N.

149



5.5. IMPLEMENTATION RESULTS

5.5 Implementation Results

In this chapter, our list decoder architecture has been implemented with list size
L = 2 and 4 for a rate 1/2 polar code with N = 1024. For each list size, two list
decoders with the numbers of 7' = 8 and 16 PUs, respectively, are implemented
and synthesized under a TSMC 90nm CMOS technology. For the L-MEM within
each of our list decoder, each sub memory is compiled with a memory compiler if
its depth is large enough. Otherwise, the sub memory is built with registers. For
all implemented decoders, each channel LLM is quantized with 4 bits in order to
achieve near floating point decoding performance. For our list decoders with L = 2
and 4, one stage of pipeline registers is used. Since the synthesis results in [31] were
based on a UMC 90nm technology, the authors of [31] have generously re-synthesized
their decoder architecture using the TSMC 90nm technology. We list both synthesis
results from [31] and the re-synthesized results provided by the authors of [31] in
Table 5.5. To make a fair comparison, we focus on the re-synthesized results.

The implementation results in Table 5.5 show that:

e The decoder architecture in [31] has a higher throughput than our list decoder
architecture. The reason is that the decoder architecture in [31] employs regis-
ter based memory while the proposed list decoder architecture employs register
file (RF) based memories. The read and write delays of an RF are larger than

those of a register based memory.

e On the other hand, our list decoder architecture is more area efficient. For list
decoders with the same L and T values, compared with the decoder of [31],

our list decoder architecture achieves 1.24 to 1.83 times of area efficiency.
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Our list decoder is implemented for the N = 1024 polar code because the same
block length is used in [31]. For larger block length or larger list size, our advantage
in area efficiency is expected to be greater due to more area efficient LLM memory.

Since the CA-SCL algorithm helps to select the correct one from L possible
decoded codewords [22], the decoding performance of the CA-SCL algorithm is
better than that of the SCL algorithm with the same list size in [31]. As shown in
Fig. 5.2, the proposed CA-SCL decoders in Table 5.5 outperform the SCL decoders in
Table 5.5. We note that the number of PUs has no impact on the error performance
of the SCL and CA-SCL decoders.

As shown in Fig. 5.2, for the CA-SCL algorithm, increasing the list size results
in noticeable decoding gain according to our simulations. As shown in [21, Fig. 1],
increasing the list size of the SCL algorithm leads to negligible decoding gain es-
pecially in high SNR region. For the CA-SCL algorithm, the choice of list size L
depends on the tradeoff between error performance and decoding complexity. Bet-
ter error performance can be achieved by increasing the list size L. For the SCL
algorithm, we need to find the threshold value Ly, where little further decoding gain
is achieved by employing a list size L > Lp. For the SCL algorithm, the feasible list
size should be no greater than Ly and satisfy the error performance requirement.

Due to the serial nature of the successive cancelation method, the SC based de-
coders and its list variants suffer from long decoding latency. In terms of through-
put, the throughput of SC based decoders is expected to be lower than BP based
decoders, since the BP algorithm for polar codes has a much higher parallelism.
On the other hand, the BP algorithm for polar codes still suffers from inferior finite

length error performance [26,79]. Current simulation results [26] show that the error
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performance of the BP algorithm for polar codes is similar to that of SC algorithm,

but worse than those of the SCL and CA-SCL algorithms.

5.6 Conclusion

In this chapter, an efficient list decoder architecture has been proposed for polar
codes. The proposed decoder architecture achieves higher area efficiency and better

error performance than previous list decoder architectures.
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Chapter 6

A High Throughput List Decoder

Architecture for Polar Codes

6.1 Introduction

Polar codes [18] are a significant breakthrough in coding theory, since polar codes can
achieve the channel capacity of binary-input symmetric memoryless channels [18]
and arbitrary discrete memoryless channels [19]. Polar codes of block length N
can be efficiently decoded by a successive cancelation (SC) algorithm [18] with a
complexity of O(Nlog N). While polar codes of very large block length (N >
229 120]) approach the capacity of underlying channels under the SC algorithm, for
short or moderate polar codes, the error performance of the SC algorithm is worse
than turbo or LDPC codes [55].

Lots of efforts [23,24, 55] have already been devoted to the improvement of er-

ror performance of polar codes with short or moderate lengths. An SC list (SCL)
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decoding algorithm [55] performs better than the SC algorithm. In [23,24,55], the
cyclic redundancy check (CRC) is used to pick the output codeword from L candi-
dates, where L is the list size. The CRC-aided SCL (CA-SCL) decoding algorithm
performs much better than the SCL decoding algorithm at the expense of negligible
loss in code rate.

Despite its significantly improved error performance, the hardware implementa-
tions of SC based list decoders [31-34] still suffer from long decoding latency and
limited throughput due to the serial decoding schedule. In order to reduce the de-
coding latency of an SC based list decoder, M (M > 1) bits are decoded in parallel
in [35-37], where the decoding latency can be reduced by M times ideally. How-
ever, for the hardware implementations of the algorithms in [35-37], the actually
achieved decoding latency reduction is less than M due to extra decoding cycles on
finding the L most reliable paths among 2™ L candidates, where L is list size. A
software adaptive SSC-list-CRC decoder was proposed in [38]. For a (2048, 1723)
polar+CRC-32 code, the SSC-list-CRC decoder with L = 32 was shown to be about
7 times faster than an SC based list decoder. However, it is unclear whether the list
decoder in [38] is suitable for hardware implementation.

In this chapter, a tree based reduced latency list decoding algorithm and its
corresponding high throughput hardware architecture are proposed for polar codes.

The main contributions are:

e A tree based reduced latency list decoding (RLLD) algorithm over logarithm
likelihood ratio (LLR) domain is proposed for polar codes. Inspired by the
simplified successive cancelation (SSC) [30] decoding algorithm and the ML-
SSC algorithm [54], our RLLD algorithm performs the SC based list decoding
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on a binary tree. Previous SCL decoding algorithms visit all the nodes in
the tree and consider all possibilities of the information bits, while our RLLD
algorithm visits much fewer nodes in the tree and consider fewer possibilities
of the information bits. When configured properly, our RLLD algorithm sig-
nificantly reduces the decoding latency and hence improves throughput, while

introducing little performance degradation.

e Based on our RLLD algorithm, a high throughput list decoder architecture
is proposed for polar codes. Compared with the state-of-arts SCL decoders
in [32,33,36], our list decoder achieves lower decoding latency and higher area

efficiency (throughput normalized by area).

More specifically, the major innovations of the proposed decoder architecture

are:

e An index based partial sum computation (IPC) algorithm is proposed to avoid
copying partial sums directly when one decoding path needs to be copied to
another. Compared with the lazy copy algorithm in [55], our IPC algorithm is
more hardware friendly since it copies only path indices, while the lazy copy

algorithm needs more complex index computation.

e Based on our IPC algorithm, a hybrid partial sum unit (Hyb-PSU) is proposed
so that our list decoder is suitable for larger block lengths. The Hyb-PSU is
able to store most of the partial sums in area efficient memories such as register
file (RF) or SRAM, while the partial sum units (PSUs) in [31-33] store partial
sums in registers, which need much larger area when the block length N is

larger. Compared with the PSU of [32], our Hyb-PSU achieves an area saving
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of 23% and 63% for block length N = 23 and 2'%, respectively, under the
TSMC 90nm CMOS technology.

For our RLLD algorithm, when certain types of nodes are visited, each current
decoding path splits into multiple ones, among which the L most reliable paths
are kept. In this chapter, an efficient path pruning unit (PPU) is proposed
to find the L most reliable decoding paths among the split ones. For our
high throughput list decoder architecture, the proposed PPU is the key to the

implementation of our RLLD algorithm.

For the fixed-point implementation of our RLLD algorithm, a memory efficient
quantization (MEQ) scheme is used to reduce the number of stored bits. Com-
pared with the conventional quantization scheme, our MEQ scheme reduces
the number of stored bits by 17%, 25% and 27% for block length N = 20 213

and 2%, respectively, at the cost of slight error performance degradation.

Note that the SSC and ML-SSC algorithms reduce the latency of the SC algo-

rithm by performing it on a binary tree. Inspired by this idea, our RLLD algorithm

performs the SC based list decoding algorithm on a binary tree. The low-latency

list decoding algorithm [38] also performs the list decoding algorithm on a binary

tree. Our work [80] and the decoding algorithm in [38] are developed independently.

Both of our RLLD algorithm and the low-latency list decoding algorithm [38] try to

reduce the number of visited nodes in the binary tree so that the decoding latency

can be reduced. However, there are still some differences.

e Compared with the decoding algorithm in [38], our RLLD algorithm visits

fewer nodes. Iluminated by the ML-SSC algorithm, our RLLD algorithm
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processes certain arbitrary rate nodes [30] in a fast way.

e When a rate-1 node [30] is visited, our RLLD algorithm employs a less com-
plex and hardware friendly algorithm to compute the returned constituent

codewords.

e Our RLLD algorithm is based on LLR messages, while the decoding algorithm
in [38] is based on logarithm likelihood (LL) messages, which require a larger

memory to store.

In terms of hardware implementations, compared with state-of-arts SC list de-
coders [31-34,36,37], our high throughput list decoder architecture shows advantages

in various aspects.

e For the high throughput list decoder architecture, LLR message is employed
while LL message was used in [31,32,36,37]. The LL based memories require
more quantization bits and a larger memory to store. The area efficient mem-
ory architecture in [32] is employed to store all LLR messages. LLR messages
were also employed in [33,34]. However, the register based memories in [33,34]

suffer from excessive area and power consumption when N is large.

e Our list decoder architecture employs a Hyb-PSU, which is scalable for polar
codes of large block lengths. The register based PSUs of the list decoders
in [31-33] suffer from area overhead when the block length is large. Instead
of copying partial sums directly, our scalable PSU copies only decoding path

indices, which avoids additional energy consumption.

The proposed high throughput list decoder architecture has been implemented for
several block lengths and list sizes under the TSMC 90nm CMOS technology. The

157



6.2. PRELIMINARIES

implementation results show that our decoders outperform existing SCL decoders in
both decoding latency and area efficiency. For example, compared with the decoders
of [33], the area efficiency and decoding latency of our decoders are 1.65 to 45 times
and 3.4 to 6.8 times better, respectively.

The rest of the chapter is organized as follows. Related preliminaries are reviewed
in Section 6.2. The proposed RLLD algorithm is presented in Section 6.3. The high
throughput list decoder architecture is presented in Section 6.4. In Section 6.5, the
implementation and comparisons results are shown. At last, the conclusion is drawn

in Section 6.6.

6.2 Preliminaries

6.2.1 Polar Codes

Let u) ™" = (ug,u1,--- ,uy_1) denote the data bit sequence and z) ' = (g, 21,

-, xy_1) the corresponding codeword, where N = 2". Under the polar encoding,
xév_l = uéV_IBNF@’”, where By is the bit reversal permutation matrix, and F' =
H(ﬂ Here ®@n denotes the nth Kronecker power and F® = F @ F®"=1_ For
1 =0,1,--- N — 1, u; is either an information bit or a frozen bit, which is set

to zero usually. For an (N, K) polar code, there are a total of K information bits

within uév_l. The encoding graph of a polar code with N = 8 is shown in Fig. 6.1.

6.2.2 Prior Tree-Based SC Algorithms

A polar code of block length N = 2™ can also be represented by a full binary tree

G, of depth n [30], where each node of the tree is associated with a constituent
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Figure 6.1: Polar encoder with N =8
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Figure 6.2: Binary tree representation of an (8, 3) polar code

code. For example, for node 1 shown in Fig. 6.2, the correspondent constituent
code is the set {(s20, S22, S24, S26) }, Where each element (sa9, S92, S24, So6) Telates to
the data word u} as shown in Fig. 6.1. The binary tree representation of an (8, 3)
polar code is shown in Fig. 6.2, where the black and white leaf nodes correspond to
information and frozen bits, respectively. There are three types of nodes in a binary
tree representation of a polar code: rate-0 , rate-1 and arbitrary rate nodes. The
leaf nodes of a rate-0 and rate-1 nodes correspond to only frozen and information
bits, respectively. The leaf nodes of an arbitrary rate node are associated with both
information and frozen bits. The rate-0, rate-1 and arbitrary rate nodes in Fig. 6.2
are represented by circles in white, black and gray as shown.

The SC algorithm can be mapped on G,,, where each node acts as a decoder for

its constituent code. The SC algorithm is initialized by feeding the root node with
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the channel LLRs, (Y, Y1, ,Yn_1), where Y; = log(Pr(y;|x; = 0)/ Pr(y;|z; = 1))
and (Yo, 41, - ,yn—1) is the received channel message vector. As shown in Fig. 6.2,
the decoder at node v receives a soft information vector a, and returns a constituent
codeword (,. When a non-leaf node v is activated by receiving an LLR vector a,,
it calculates a soft information vector a® and sends it to its left child. Node v first
waits until it receives a constituent codeword 32, and then computes and sends a soft
information vector ! to its right child. Once the right child returns a constituent
codeword 3!, node v computes and returns a constituent codeword 3,. When a
leaf node v is activated, the returned constituent codeword 3, contains only one bit
B,[0], where (,[0] is set to 0 if leaf node v is associated with a frozen bit; otherwise,

B,[0] is calculated by making a hard decision on the received LLR «,[0], where

0 a,[0] > 0,
Bu0] = h(ew[0]) =4 0or 1 a,[0] =0, (6.1)
1 a,[0] < 0.

From the root node, all nodes in a tree are activated in a recursive way for the SC

1 can be

algorithm. Once S, for the last leaf node is generated, the codeword z} ~
obtained by combining and propagating 3, up to the root node.

The SSC decoding algorithm in [30] simplifies the processing of both rate-0 and
rate-1 nodes. Once a rate-0 node is activated, it immediately returns the all zero
vector. Once a rate-1 node is activated, a constituent codeword is directly calcu-
lated by making hard decisions on the received soft information vector as shown in

Eq. (6.1). The ML-SSC decoding algorithm [54] further accelerates the SSC decod-

ing algorithm by performing the exhaustive-search ML decoding on some resource
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constrained arbitrary rate nodes, which are called ML nodes in [54]. For an ML

node with layer index ¢, the constituent codeword passed to the parent node p, is

n—t_1

B, = argmax Z (1 — 2x[i])) v [i], (6.2)

where C is the constituent code associated with node v.

6.2.3 LLR Based List Decoding Algorithms

For SCL decoding algorithms [31, 34, 55|, when decoding an information bit wu;,
each decoding path splits into two paths with u; being 0 and 1, respectively. Thus
2L path metrics are computed and the L paths correspond to the L minimum
path metrics are kept. The list decoding algorithm in [31,55] are performed either
on probability or logarithmic likelihood (LL) domain. In [34], an LLR based list
decoding algorithm was proposed to reduce the message memory requirement and
the computational complexity of LL based list decoding algorithm. For decoding
path [ (l=0,1,--- , L —1), the LLR based list decoding algorithm employs a novel

path metric

PM|” = Z D(LE), axll)), (6.3)

[1]) equals to @[l]. Otherwise, D(L'[1], a[l]) =

—[110)

where D(LI[1], ax[l]) = 0 if h(LY
- RUIEY)

k k wiik La
L[], Here LP[] & Yo o

N
WP and ¥ ' = (Yo,y1, -+ ,yn_1) is the re-

)
~k
(0]
~k
yUg

ceived channel message vector.
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6.3 Reduced Latency List Decoding Algorithm

6.3.1 SCL Decoding on A Tree

Similar to the SSC decoding algorithm, the SC based list decoding algorithms [31,55]
can also be performed on a full binary tree G, [38,80]. The SCL decoding is
initiated by sending the received channel LLR vector to the root node of G,. As
shown in Fig. 6.3, without losing generality, each internal node v in G,, is activated
by receiving L LLR vectors, o, Q4 1, , 0 -1, from its parent node v, and is
responsible for producing L constituent codewords, 3,0, Bv.1," " , Bv.—1, Where a,;
and f3,; correspond to decoding path l for [ = 0,1,--- , L—1. Suppose the layer index
of node v is t, a,; and f3,; have 2"~* LLR messages and binary bits, respectively,
forl=0,1,--- L — 1.

Once a non-leaf node v is activated, it calculates L LLR vectors, o, 0, Qu,.1,

-, 0y, 11, and passes them to its left child node v, where
Qi) = flaw[2d], ay[20 + 1)) (6.4)

for 0 <i< 2 t1landl=0,1,---,L— 1.

Here f(a,b) = 2tanh™'(tanh(a/2) tanh(b/2)) and can be approximated as:
f(a,b) = sign(a) - sign(b) min(|al, |b]). (6.5)

Node v then waits until it receives L codewords, B,,.0, 8,1, " s B, -1, from

vz. In the following step, node v calculates another L LLR vectors, oy 0, Qup 1,
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©, Oy -1, and passes them to its right child node vg, where

Qyp il [l] = g(av,l [22]7 Ayl [2Z + 1]7 ng,l [ZD

(6.6)
= ay[20)(1 = 20,,4[1]) + ]2 + 1]
for0<i<2" ' landl=0,1,---,L —1.

At last, node v waits until it receives L codewords, By .0, Bug1s " s Bog,L—1, from
vg. It then calculates 8,0, By1, ", Bv,L—1 and passes them to its parent node v,
where

(Bo,[2], B[220 + 1)) = (Bopali] © Bugali], Bor alil), (6.7)

for0<i<2*landl=0,1,---,L—1.

B o>
B s
e ..

ﬂvL,L—l @, 11

Figure 6.3: Node activation schedule for SC based list decoding on G,,

For [ =0,1,---,L — 1, PM; is the path metric associated with decoding path [
and is initialized with 0. When a leaf node v associated with an information bit is
activated, decoding path [ splits into two paths with 3,; being 0 and 1, respectively.
Note that the layer index of a leaf node is n, hence «,,; and (,; have only one LLR

and binary bit, respectively, when node v is a leaf node. For the SCL decoding, 2L
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expanded path metrics are computed, where

PM/ = PM; + D(ay,, j), (6.8)

for j =0,1and [ =0,1,---,L — 1. D(ayy,j) = 01if h(a,,;) equals j. Otherwise,

D(awy,j) = |awy|- Suppose the L minimum expanded path metrics are PM{I‘)D,
PMf}l, cee PM{;LL:E, which correspond to the L most reliable paths, then 3,; = j

for | =0,1,---,L — 1. Decoding path a; will be copied to decoding path [ before
further partial sum and LLR vector computations. For each decoding path [, path
metric is also updated with PM; = PM{}Z. When a leaf node v associated with a
frozen bit is activated, 3,; =0 for l =0,1,--- ,L — 1 are passed to its parent node
v,. The updated path metric PM; = PM; + D(a,,0). Note that the SCL algorithm

on a tree described above is equivalent to the SCL algorithms in [31,55].

6.3.2 Proposed RLLD algorithm

In this chapter, a reduced latency list decoding (RLLD) algorithm is proposed to
reduce the decoding latency of SC list decoding for polar codes. For a node v, let
I, denote the total number of leaf nodes that are associated with information bits.
Let X;, be a predefined threshold value and X,y and X; be predefined parameters.
Our RLLD algorithm performs the SC based list decoding on G,, and follows the
node activation schedule in Section 6.3.1, except when certain type of nodes are
activated. These nodes calculate and return the codewords to their parent nodes
while updating the decoding paths and their metrics, without activating their child

nodes. Specifically:
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e When a rate-0 node v is activated, /3, is a zero vector for [ =0,1,--- | L — 1.

e When a rate-1 node v with I, > Xy, is activated, 3, is just the hard decision
of oy for I =0,1,---,L — 1. For a well constructed polar code, we observe
that the polarized channel capacities of the information bits corresponding to
rate-1 nodes with I, > X, are greater than those of the other information
bits. Hence, for rate-1 nodes with I, > Xy, our RLLD algorithm considers
only the most reliable candidate codeword for each decoding path due to a

more reliable channel.

e When a rate-1 node v with [, < Xy, is activated, the returned codewords are

calculated by the proposed candidate generation (CG) algorithm.

e Let t denote the layer index of node v. When an arbitrary rate node v with
I, < Xy and 2"t < X is activated, each decoding path splits into 27 paths.
From now on, such an arbitrary rate node is called fast processing (FP) node.
The proposed metric based search (MBS) algorithm is used to calculate the

returned codewords.

When performed on a binary tree, the SCL algorithms in [31,55] do the path ex-
panding and pruning as well as the updating of path metrics when a leaf node is
activated. In contrast, our RLLD algorithm do the path expanding and pruning as
well as updating of path metrics when a certain intermediate node is visited. Thus,
our RLLD algorithm visits fewer nodes.

When a rate-1 node with I, > X;;, or a rate-0 node is activated, ideally, PM; is
updated with PM; + A, for 1 = 0,1,--- , L—1, where A,; = 3210 D(aw[i], Boali])-

For each rate-1 node with I, > X, A,; = 0 since f3,; is the hard decision of
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a,,;. However, for a rate-0 node, A,; could have a non-zero value. For our RLLD
algorithm, A, ; is also set to be 0 for each rate-0 node, since the resulting performance
degradation is negligible. By setting A,; to be 0, we no longer need to calculate

oy, sent to a rate-0 node.

Proposed CG Algorithm

When a rate-1 node with I, < Xj, is activated, ideally, we should consider 2%
candidate codewords for each decoding path. Since there are at most L codewords
from the same decoding path that could be passed to the parent node, it is enough
to find only the L most reliable codewords among 2% candidates for each decoding
path. When [, is large (e.g. I, > 32), finding the L most reliable codewords is com-
putationally intensive and lacks efficient hardware implementations. For our RLLD
algorithm, we considers only the W(W < L) most reliable codewords among 2!
candidates for each decoding paths. In this chapter, W is set to be 2, since it results
in efficient hardware implementations at the cost of negligible error performance
lost.

When W = 2, the proposed CG algorithm, shown in Alg. 21, is used to calculate
the codewords passed to the parent node. Besides, the CG algorithm also outputs
L list indices, ag, aq,- - ,ar_1, which indicate that decoding path a; needs to be
copied to path [. Suppose the layer index of such a rate-1 node v is t. For each
decoding path [, there are 2» = 22"™" candidate codewords that could be passed to
the parent node v,. However, our CG algorithm considers only the most reliable

codeword C, ;o and the second most reliable codeword C,; ;. In order to find these
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two codewords, each candidate codeword C,; ; is associated with a node metric
i I,—1
NM/ = Zkzo M| a1 [K]] (6.9)

forj =0,1,---,2»—1, where my, = 0if C,; ;[k] equals h(c, [k]) and 1 otherwise. As
a result, the smaller a node metric is, the more reliable the corresponding candidate
codeword is. Based on Eq. (6.9), C,;0 = h(cv,) is the hard decision of the received
LLR vector ay;. C, 1 is obtained by flipping the kj;-th bit of C, o, where kj;; is
the index of the LLR element with the smallest absolute value among o, .

Each decoding path splits into two paths and has two associated candidate code-
words. Alg. 21 calculates 2L expanded path metrics PM{ foril=0,1,---,L—1 and
7 = 0,1 to select L codewords passed to the parent node. The min; function in
Alg. 21 finds the L smallest values among 2L input expanded path metrics. Once
Byg for I = 0,1,---,L — 1 are computed, decoding path q; is copied to decoding

path [ before further operations.

Algorithm 21: The proposed CG algorithm

input : a,0, 1, ,Qp 1
output: 8,0, 8u1," ", Be,L-1; G0, A1, , QL1
for(=0to L —1do

kyg = argmin o, k]|

ke{0,1,- ,I,—1}
NM = 0; Cp10 = ()
NM; = [ i[karg]l; Cor = Fip(Co0, kari)
PM] = PM, + NM{ for j = 0,1
(PM%, .. PMY-1) = min, (PM§, PMJ, -+ ,PM}_)) for | =0 to L — 1 do

ag?

L Bv,l - Cv,al,bl; PMZ - PMle
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Proposed MBS Algorithm

When an FP node is activated, each current decoding path expands to 2/* paths,
each of which is associated with a candidate codeword. Similar to the CG algorithm,
the proposed MBS algorithm calculates L codewords passed to the parent node and
L path indices, ag,aq,--- ,ar_1. The calculation of returned codewords are shown

as follows.

e For each candidate codeword C ,, calculate its corresponding node metric N M?

v,

for j=0,1,---,2" —land[=0,1,--- ,L — 1.

e Calculate 2/*L expanded path metrics PM{ forl =0,1,---,L —1and j =

0,1,---,20 — 1.

e Find L expanded path metrics among 2%* L ones. The correspondent candidate

codewords are passed to the parent node v,.

To calculate the node metric, we propose a new method with low computational
complexity. In the literature, two methods can be used: the direct-mapping method
(DMM) shown in Eq. (6.9) and the recursive channel combination (RCC) [37]. In
terms of computational complexity, the former needs 2 (2"~ — 1)L additions, where
N = 2" and t is the layer index of an FP node v. The RCC needs (37" 222" " 4
21v) [ additions. Compared to the DMM, the RCC approach needs fewer additions.
For our RLLD algorithm, we want to compute these 2/* node metrics in parallel.
However, the parallel hardware implementations of the DMM and RCC algorithms
require large area consumption. This will be discussed in more detail in Section 6.4.3.

In this chapter, a hardware efficient node metric computation method, which

takes advantage of both the DMM and the RCC, is proposed. The proposed method,
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referred to as the DR-Hybrid (DRH) method, is shown in Alg. 22, where Ci,l (26 :
2i4+1) = (C»Z,z [24], Cil [2i 4 1]), and r is represented by a binary tuple of length two,
i.e. 7 =19+ 2r;. In our method, the RCC approach is used to calculate 6;; first.
Then, the DMM is carried out.

Algorithm 22: DR-Hybrid method

for ([ =0to L —1do

/¥ ——mmm———m— RCC--—————————————- */
fori=0to 2" "' —-1do

Lforr:OtOSdo

L 01.i[(ro,m1)] = (1 — 2r0) 0 [26] + (1 — 211 v |20 + 1]

[* ——m———m— - DMM-—————=—=——=—=—= */
4 | forj=0to2" -1do

s || NMJ =300 T aled [2i s 20+ 1)),

The DRH method needs 4 x 2"t=1 427 (277t=1 — 1) additions. Take X, = 8 and
X, = 16 as an example, the DMM, RCC and DRH methods need 3840, 864 and
1824 additions. Though our DRH method needs more additions than the RCC, it
results in a more area efficient hardware implementation when all 2/* node metrics
are computed in parallel, since the RCC method needs more complex multiplexors.

Once we have 2/*L node metrics and corresponding candidate codewords, 2/ L
expanded path metrics PM{ = PM;, + NM{ for l = 0,1,---,L — 1 and j =
0,1,---,2» —1 can be computed. The next step is selecting L returned codewords
and their corresponding expanded path metrics.

Ideally, we should find the L minimum expanded path metrics, which correspond
to the L most reliable codewords, among 2/ L ones. However, directly finding the

L minimum values from 2L ones is computationally intensive and lacks efficient
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hardware implementations. A bitonic sequence based sorter [32] (BBS) with 2L
inputs is able to fulfill this task. Such a BBS takes 2/*~*L(3_7Z] i) +2"~2L compare-
and-switch (CS) units [32], where each of them has one comparator and two 2-to-1
multiplexors and s = log,(2/vL). For example, when I, = 8 and L = 4, such a BBS
needs 23296 CS units. In order to simplify the hardware implementation, a two-stage
sorting scheme was proposed in [37], where the first stage selects ¢ (¢ < L) smallest
node metrics from 2* ones for each decoding path. The second stage selects the
L smallest metrics from the Lg expanded path metrics produced by the first stage.
Compared with the direct sorting scheme [32,36], the hardware implementation of
the two-stage sorting scheme is more efficient at the cost of certain error performance
degradation.

In this chapter, our MBS algorithm employs the two-stage sorting scheme and

improves the first stage in the following two aspects:

e Instead of using a fixed ¢, our MBS algorithm employs a dynamic gz, 1,(¢s,,1, <

L), which is a power of 2 and depends on both I, and L.

e An approximated sorting (ASort) method is used to select out ¢y, , metrics
from 27 ones. Though these sorted metrics are not always the precisely q;, 1,
smallest among 2* one, our ASort method leads to an efficient hardware

implementation.
Our ASort method is illustrated as follows:

e When 2% < 2L, the BBS with 2L inputs and L outputs is used to select the

qr,.;, minimum node metrics from 2% ones.

e When 2 > 2L, all 2/» node metrics are divided into gz, ;, groups as follows:
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NM?, . ,NMEn_l, . ’NMl(qlv,Lfl)m, o ’NMEHU,mel .

grogp 1 group as, 1

I
Here m = q2 :

— The two minimum node metrics of each group are first computed.
The BBS computes the minimum ¢y, ;, node metrics among 2qy, 1, ones.

After the first stage of sorting, the number of expanded path metrics N, could
be 2L,4L,--- ,L x L. The second stage of sorting is the same as that in [37]. A
binary tree of 2L-L BBSs are employed to sort out the final L minimum expanded
path metrics. Take N, = 4L as an example, there are 4L extended path metrics:

PMjo

lo?

PM{!, -+, PM7**~* then PM{°, -+, PM?*"! and PM{?*, -, PMJ*"! are
applied to two 2L-L BBSs, respectively. Thus, total 2L metrics are selected out.
Then the 2L-L BBS is employed again to generated the final L minimum extended
path metrics: PMZP, PMI - PMZE,

/
lO 1 L—-1

6.3.3 Discussions on the Parameters of Our RLLD Algo-

rithm

For our RLLD algorithm, the returned codewords from rate-1 nodes with I, > X,
are obtained by making hard decisions on the received LLR vectors. The other
rate-1 nodes are processed by our CG algorithm. Note that both the hard decision
approach and our CG algorithm could cause potential error performance degrada-
tion since ideally we should consider 2* candidate codewords for each decoding
path. With more rate-1 nodes (decreasing X,) being processed by the hard de-
cision approach, the decoding latency could be reduced at the cost of more error
performance degradation.

The choices of Xy and X; are tradeoffs between implementation complexity and
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achieved decoding latency reduction. Ideally, we want X, and X; to be as large as
possible so that more data bits could be decoded in parallel. The number of adders
needed by Alg. 22 is proportional to 27227~ in terms of hardware implementations.
Thus, for practical implementations, we could choose only realistic values for X
and X;.

For the two step sorting scheme of our MBS algorithm, we want g, 1, to be
as small as possible so that the sorting complexity could be minimized. However,
reducing ¢z, could degenerate the resulting error performance, since ideally we
need to consider the L most reliable candidate codewords for each decoding path.
As aresult, the selections of gz, 1, are tradeoffs between sorting complexity and error

performance.

6.3.4 Comparison with Related Algorithms

If we perform the SC based list decoding algorithms [31, 55] on a tree, then all
2N — 1 nodes of the tree will be activated. For our RLLD algorithm, denote n, as
the number of activated nodes. Then we have n, < 2N — 1, where n, is determined
by the block length N, the code rate, the locations of frozen bits and the parameters
Xo and X;. X, and X; are used to identify all FP nodes. The reduction of the
number of activated nodes will transfer into reduced decoding latency and increased
throughput. Take the (8, 3) polar code in Fig. 6.2 as an example, suppose Xy = 1
and X7 = 2, then only 5 nodes (node 0, 1, 2, 5, 6) need to be activated by our RLLD
algorithm, whereas the previous algorithms [31,55] need to activate all 15 nodes.
The CA-SCL decoding algorithm was also performed on a binary tree in [38].

Compared with the low-latency list decoding algorithm [38], our RLLD algorithm

172



6.3. REDUCED LATENCY LIST DECODING ALGORITHM

employs the proposed MBS algorithm to process FP nodes, while FP nodes were pro-
cessed by activating its child nodes in [38]. Our MBS algorithm results in decreased
decoding latency at the cost of potential error performance loss. Besides, our RLLD
algorithm takes a simpler approach when a rate-1 node is activated. When a rate-1
node is activated, a Chase-like algorithm was used to calculate the L codewords
passed to the parent node in [38]. Compared to the Chase-like algorithm, our CG
algorithm has lower computational complexity and is more suitable for hardware
implementation due to the following facts:

(1) The Chase-like algorithm in [38] was performed over log-likelihoods (LL)
domain while our method is performed over LLR domain. Compared with our LLR
based method, it takes more additions to calculate related metrics for the Chase-like
algorithm.

(2) For each decoding path, the Chase-like algorithm considers 1 + (‘13) + (g)
candidate constituent codewords, where ¢ = 2 in [38]. In contrast, our method
considers only two constituent codewords.

(3) In order to find the L best decoding paths and their constituent codewords,
the Chase-like algorithm creates a candidate path list. The final L candidates are de-
termined by inserting and removing elements from the list. The Chase-like algorithm
is suitable for software implementations. However, the hardware implementations
of the Chase-like algorithm has not been discussed in [38]. On the other hand, with
a bitonic based sorter [32] (BBS), the L most reliable decoding paths can be decided

in parallel for our CG algorithm.
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6.3.5 Simulation Results

For an (8192, 4096) polar code, the bit error rate (BER) performances of the pro-
posed RLLD algorithm as well as other algorithms are shown in Fig. 6.4. In Fig. 6.4,
CSz denotes the CA-SCL decoding algorithm with L = x, where CRC-32 is used.
Rz-y denotes our RLLD algorithm with L = x and Xy, = y. The values of ¢z, ’s
under different list sizes and [,’s are shown in Table 6.1. For all simulated algo-
rithms, the additive white Gaussian noise (AWGN) channel and binary phase-shift
keying (BPSK) modulation are used. For all simulated RLLD algorithms, X, = 8

and X; = 16 for practical implementations.
Table 6.1: The Values of g7, ;’s under Different List Sizes and 1,’s

| |

NN NN N
0 OO0 00 = D[ Ot
= 00 00 = NS
= 00 =~ &=~ N
NN NN N Co

—e—SC
—4—CS2
& R2-8
—*—R2-64
—*—CS4
*R4-8
—<4+—R4-128
—=—CS8 ]
<+ R8-128
——CS16
¢ R16-256| J
—v—CS32
v R32-256

Bit Error Rate (BER)

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
SNR (dB)

Figure 6.4: BER performance for an (8192, 4096) polar code
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Based on the simulation results shown in Fig. 6.4, we observe that R2-8 performs
nearly the same as CS2 and R2-64. When the list size increases, compared with CS4,
R4-8 shows obvious error performance degradation when BER is blow 10~7. The
degradation is reduced by increasing X;;, to 128, as we observe that R4-128 performs
nearly the same as CS4. When the list size further increases (e.g. L = 16 and 32),
at low BER level, the error performance degradation shows again even Xy, = 256.
As shown in Fig. 6.4, R16-256 and R32-256 are worse than CS16 and CS32 when
BER is below 107> and 1079, respectively. Note that for the (8192, 4096) polar code
in this chapter, I, of a rate-1 node is at most 256.

Depending on the specific list size, we predict that our RLLD algorithm will
show performance degradation compared to the CA-SCL algorithm at certain BER
values even when all rate-1 nodes are processed by the proposed CG algorithm.
Nevertheless, for the (8192, 4096) polar code, our RLLD algorithm can still show
obvious advantage in terms of error performance compared with the SC algorithm.
The root causes of the error performance degradation of our RLLD algorithm may
be as follows:

(1) For our RLLD algorithm, when a rate-1 node with I, < Xy, is activated, only
the two most reliable constituent codewords are kept. When list size L is large, there
may not be enough candidate codewords to include the correct codeword, since our
CG algorithm could miss certain good candidate codewords.

(2) When a rate-1 node with I, > Xy, is activated, only the most reliable can-
didate codeword is considered for each decoding path, which could also cause error
performance degradation.

(3) During the first sorting stage of our MBS algorithm, when 2% > L, ¢, , is
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selected to be no greater than L for certain [, values for efficient hardware imple-
mentation. As a result, we may lose certain good candidate codewords due to the

limitation on ¢y, 1.

6.4 High Throughput List Polar Decoder Archi-

tecture

6.4.1 Top Decoder Architecture

CRCC

Figure 6.5: Decoder top architecture

In this chapter, based on the proposed RLLD algorithm, a high throughput list
decoder architecture, shown in Fig. 6.5, for polar codes is proposed. In Fig. 6.5, the
channel message memory (CMEM) stores the received channel LLRs, and the inter-
nal LLR message memory (IMEM) stores the LLRs generated during the SC com-
putation process. With the concatenation and split method in our prior work [32],
the IMEM is implemented with area efficient memories, such as register file (RF) or
SRAM. The proposed architecture has L groups of processing unit arrays (PUAs),
each of which contains T" processing units [20] (PUs) and is capable of performing ei-

ther the f or the g computation. The hybrid partial sum unit (Hyb-PSU) in Fig. 6.5
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consists of L computation units, CUy, CUy, ---, CUp_;, which are responsible for
updating the partial sums of L decoding paths, respectively. The path pruning unit
(PPU) in Fig. 6.5 finds the list indices and corresponding constituent codewords for
L survival decoding paths, respectively.

Both our high throughput list decoder architecture in Fig. 6.5 and that in [32]
employ a partial parallel processing method. Besides, both architectures contain a
channel message memory and internal message memory. However, compared to the
architecture in [32], the major improvements of our list decoder architecture are:

(a) Instead of LL messages, our high throughput list decoder architecture em-
ploys LLR messages, which result in more area efficient internal and channel message
memories.

(b) The PPU in Fig. 6.5 implements our CG and MBS algorithms, while the
PPU in [32] is just a sorter which selects L values among 2L ones. Due to the
proposed PPU, our decoder architecture achieves much higher throughput that the
that in [32].

(c) Our list decoder architecture employs a novel Hyb-PSU, which is more area
and energy efficient than that in [32]. Our Hyb-PSU is based on the proposed index
based partial sum computation algorithm. When a decoding path needs to be copied
to another one, our Hyb-PSU avoids copying partial sums directly by copying only
decoding path indices. In contrast, the PSU in [32] copies path sums directly, which
incurs additional energy consumption. Our Hyb-PSU stores most of the partial
sums in area efficient memories, while the PSU in [32] stores all the partial sums in

area demanding registers. Hence, our Hyb-PSU is scalable for larger block lengths.
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6.4.2 Memory Efficient Quantization Scheme

For an SC or SCL decoder, the message memory occupies a large part of the overall
decoder area [20,32]. An SCL decoder needs a channel message memory and an
internal message memory. For an LLR based SCL decoder, the channel memory
stores N channel LLR messages. The internal message memory stores Ln LLR
matrices: P, for [ =0,1,--- L —1and ¢t = 1,2,--- ,n, where P; has 2"~ LLR
messages.

For a fixed point implementation of our RLLD algorithm, it is straightforward
to quantize all LLRs in the internal memory with () bits. In this chapter, a memory
efficient quantization (MEQ) scheme is proposed to reduce the size of the internal
memory. f(a,b) in Eq. (6.5) has the same magnitude range as those of a and b,
while the magnitude range of g(a,b,s) in Eq. (6.6) is at most twice of those of
a and b (s is either 0 or 1). Since Py, Piy, -+, Pr—14 are computed based on
Poir-1,Pi4—1, -+ ,Pr_14-1, for a decoding path [, the LLRs in Fj;, may need a
greater magnitude range than that of the LLRs in F,,, where t; > t5. Suppose each
channel LLR is quantized with Q. bits, the proposed MEQ scheme is as follows:

(1) Suppose all LLRs within the internal memory are quantized with @,, bits,
determine the minimal @),, such that the error performance degradation of the fixed
point performance is negligible.

(2) Let ty,t9,- -+ ,t, be r integers, where t; < to < -+ <t <nandr = Q,—Q..
Denote Py = (Pyy, Pry- -+, Pr—1.). Suppose LLRs associated with Py, Py, --- | Py
are quantized with @), bits and the remaining LLRs are quantized with @),, bits. De-
cide the maximal #; such that the resulting fixed point error performance degradation

is negligible. Once ¢, is decided, suppose the LLRs within Py, 11, Py, 19, -- , Py, are
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all quantized with Q. + 1 bits, find the maximal ¢, such that the corresponding
error performance degradation is negligible. In this way, t3,--- ,t, are decided in
a serial manner so that Py, 1,Py,9,--+ , Py, are quantized with Q. + ¢ bits for
1<t <r—1, and P; are quantized to @), bits for j > t,.

With the proposed MEQ scheme, the number of bits saved for the internal mem-

ory is
r+1 tj

Np=> Y L2"'(Qc+j—1), (6.10)

j=1 t=t;_1+1
where ty = 0 and t,,1 = n are introduced for convenience.

In order to show the effectiveness of our MEQ scheme, the error performances of
our RLLD algorithm with the proposed MEQ scheme are shown in Fig. 6.6, where
the RLLD algorithm with our MEQ scheme is compared with the floating-point
CA-SCL decoding algorithm, floating-point RLLD algorithm, and RLLD algorithm
with a uniform quantization scheme for three different polar codes, (1024, 512),
(8192, 4096) and (32768, 29504) with Xy, = 32,128,1024, respectively. For all
fixed-point decoders, each channel LLR is quantized with ). = 5 bits. For the
RLLD algorithm with uniform quantization, each LLR in the internal memory is
quantized with @),, = 7 bits. Since Q),,, — Q). = 2, we need to determine two integers,
r1 and ro, for our MEQ scheme. When N = 219 213 and 25, (ry, 7)) = (1,2), (3,4)
and (4,5), respectively. As shown in Fig. 6.6, the performance degradation caused by
our MEQ scheme is small. Compared with the uniform quantization, the proposed
MEQ scheme reduces the number of stored bits by 17%, 25% and 27% for N = 219,

213 and 215, respectively.
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Figure 6.6: Effects of the proposed MEQ scheme on the error performances

6.4.3 Proposed path pruning unit

When a rate-1 node with I, < Wr or an FP node is activated, each decoding path
splits into multiple ones and only the L most reliable paths are kept. The PPU in
Fig. 6.5 implements our CG and MBS algorithms, and is responsible for calculating
L returned codewords, f,0,08v1, " ,Bvr-1, and L path indices, ap, a1, -+ ,ar_1.
For [ =0,1,---,L—1, decoding path [ copies from decoding path a; before further
decoding steps.

Take L = 4 as an example, the proposed PPU is shown in Fig. 6.7, which can be
easily adapted to other L values. Our PPU in Fig. 6.7 has two types of node metric
generation (NG) units, NG-T and NG-II, which compute the node metrics for a rate-
1 node and an FP node, respectively. NG-I; and NG-II; correspond to decoding path
l. For decoding path [, the expanded path metrics PM‘Z 's are obtained by adding the
node metrics to the path metric PM;, which is stored in the path metric registers
(PMR) and initialized with 0.

When a rate-1 node is activated, NG-I; outputs two node metrics for [ =
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0,1,---,L — 1. After 2L expanded path metrics are computed, a stage of metric
sorter (MSoz 1) selects the L minimum metrics and their corresponding codewords
from 2L ones. The metrics sorter MS,,_;, implements the min;, function in Alg. 21
and can be constructed with a BBS. When an FP node is activated, L NG-II mod-
ules implement the first part of our two-stage sorting scheme. For each decoding
path, gz, r, node metrics and their correspondent codewords are computed. The tree
of metric sorters sort the L minimum metrics among gz, ;L ones. This is achieved
by log, qr, 1, stages of metric sorters when ¢z, 1, is a power of 2. The output ex-
panded path metrics of the last stage of metric sorter are saved in the PMR. The
corresponding codewords of the selected L expanded path metrics are also chosen.

The related circuitry is omitted for simplicity.

(04
=5 NG-II MSs.
NG Msg_4}:D~ o
> NG-115 >
=

2.
=

Figure 6.7: The proposed architecture for PPU

The micro architecture of NG-I; is shown in Fig. 6.8. The most complex part of
NG-]; is finding the minimum LLR magnitude and its corresponding index among
the LLR vector |a,;| = (|cws[0]], |awa[1]], -+, |cwws[L, — 1]]). Since the node metric
of the most reliable candidate codeword is always 0, we need to compute NM; =

|y 1 [kary]| in Fig. 6.8, which is the node metric of the second most reliable candidate
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codeword, with a corresponding index kjs;. For our list decoder architecture, for
each decoding path, at most 7' LLRs are computed in one clock cycle, since we have
only T' PUs per decoding path. The Min-1 unit in Fig. 6.8 is capable of finding the
minimum value, mLLR, and its corresponding index, mldx, from at most 7" parallel
inputs. When 7, < T, NM; = mLLR and karp = mldx. Cp 0 = h(a,) in Fig. 6.8 is
the hard decision of «,,;, which is the most reliable candidate codeword. The second

most reliable candidate codeword is obtained by flipping the kj;;-th bit of C, ;.

H |
N s L ]ﬁM,
—— Min-1 Ens
mldxl j_’T'_'j_/&M,l
h(a, ;)
HCMO HCM1 N,
0o .00

Figure 6.8: Hardware architecture of the proposed NG-I;

When I, > T, suppose T is a power of 2, then I, can be divided by 7. During
each clock cycle, only T" LLRs are fed to NG-I;, and the minimum value and its
corresponding index are computed in a partial parallel way. The minimum value
and associated index of the first T" inputs are stored in mLR and mIR, respectively.
The minimum value of the second group of T" inputs is compared with the current
value stored in mLR, and is stored in mLR if it is smaller than the current value
of mLR. This repeats until the whole LLR vector a,; is processed. At last, the
minimum value of |a,;| and its index are stored in mLR and mlIR, respectively.
The hard decoding of o, ; is stored in the hard decoded constituent codeword mem-
ory (HCMO), and is copied to HCM1 when the second most reliable constituent
codeword is computed.

The micro-architecture of NG-II; under Xy = 8 and X; = 16 is shown in Fig. 6.9,
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where the block MUX4T256 includes 256 4-to-1 multiplexers. Our NG-II; consists
of two parts, where the first part calculated 2/* node metrics, NM?, NM}, -- -,
NM?I”_I, based on Alg. 22. The second part implements the first stage sorting of
our MBS algorithm. For L = 4, when 2/ > 2L, the 2/* metrics are first divided
into four groups. The Min-2 [81] block is modified slightly to find the two minimum
node metrics and their associated indices for each metric group. The MSg_, block
calculates the final output metrics. When 2% = 2L = 8, the MSg_4 blocks work
directly on the 2L = 8 expanded path metrics. When 2/v < L, the expanded path
metrics are output directly. As shown in Figs. 6.7 to 6.9, our PPU has long critical
path delay, since there are many levels of logic from the inputs to outputs. Pipelines
should be used to improve overall decoder frequency.

low. [14]] 0 e, [15]] O

MUX4T256 MUX4T256
[ SUM | [ SUM
L NM) INMP
[ Min-2 | Min-2 [ Min-2 | Mm-2 |
v v v v
[ MSs. |
v

Figure 6.9: Architecture of NG-II,

Based on the DMM method in Eq. (6.9), the node metric computation part needs
21v(2n=t — 1)L adders and 2/v2" 7', 2-to-1 multiplexers, where N = 2" and ¢ is the
layer index of an FP node v. Based on the RCC method, it takes (30—~ 202" +
25) L adders, 21 L 22" "_to-1 multiplexers and 4 x 2"~*~1L 2-to-lmultiplexers.

In contrast, based on our DRH method, it takes 4 x 2=t~ 4 2v(2n=t=1 _ 1) adders,
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20v9n=t=1 4 to-1 and 4 x 2" ¢! 2-to-1 multiplexers. Table 6.2 compares hardware
resources needed by the DMM, RCC and DR-Hybrid methods when X, =8, X; =
16, and a,,[j] (0 < j < 2"7") is a 6-bit LLR. As shown in Table 6.2, the DRH
method requires the smallest total area. Besides, the implementations based on

DMM, RCC and DRH have roughly the same critical path delay.

Table 6.2: Hardware resources needed by different methods per list

DMM RCC DRH
# of adders 3840 864 1824
# of MUX5_4 4096 32 32
# of MUX,_4 0 0 2048
# of MUX256_1 0 512 0
total area (# of NANDs) | 313,967 | 1,673,810 | 229,449

6.4.4 Proposed hybrid partial sum computation unit

For the list decoder architectures in [31,32], all partial sums are stored in registers
and the partial sums of decoding path [” are copied to decoding path [ when decoding
path I’ needs to be copied to decoding path [. The PSU in [31] and [32] needs
L(N —1) and L(§ — 1) single bit registers to store all partial sums, respectively.
Thus, for large N, the register based PSU architectures in [31,32] are inefficient for
two reasons. First, the area of the PSU is linearly proportional to N. For large N
(e.g. N > 2'5) the area of PSU is large since registers are usually area demanding.
Second, the power dissipation due to the copying of partial sums between different

decoding paths is high when N is large.
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Proposed Index Based Partial Sum Computation Algorithm

In order to avoid copying partial sums directly, an index based partial sum compu-
tation (IPC) algorithm is proposed in Algorithm 23, where p[2] (I =0,1,--- , L —
land z = 0,1,---,n) is a list index reference. Cj, for [ = 0,1,---,L — 1 and
z = 0,1,---,n are partial sum matrices [32,55]. Cj, has 2" % elements, each of
which stores two binary bits.

For our RLLD algorithm, once a rate-0, rate-1 or an FP node sends L codewords
to its parent node, the partial sum computation is performed after decoding path
pruning. Let ¢ denote the layer index of such a node v. Let (B, 1, By_2, -, Bo)
denote the binary representation of the index of the last leaf node belonging to
node v, where B,_; is the most significant bit. Let t{. = n — j, where j is the
smallest integer such that B; = 0. If B; =1 for j =0,1,--- ,n — 1, t. = 0. Once
Bu.0s Buas -+ 5 Bur—1 are calculated, decoding path I’ may need to be copied to path
[ before the following partial sum computation. Under this circumstance, the index
references are first copied, where py[z] is copied to p[z] for z =¢,t —1,--- 0. The
lazy copy algorithm was proposed in [55] to avoid copying partial sums directly.
However, the lazy copy algorithm is not suitable for hardware implementation due

to complex index computation. The PSU in [32] copies partial sums directly.

Micro Architecture of the Proposed Hybrid Partial Sum Unit

Based on our IPC algorithm, a Hyb-PSU is proposed with two improvements. First,
some partial sums are stored in memory, while others are stored in registers. Second,
instead of partial sums, only list index matrices are copied. These two improvements

reduce the area and power overhead of partial sum computation unit when N is large.
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Algorithm 23: Index Based Partial Sum Computation (IPC) Algorithm

iHPUt : t67 tu (61),0’ 611,17 e 761),L—1)
output: Cj, [j][0] for [ =0,1,--- ,L—1and j =0,1,--- 2"
for[=0to L —1do
for j=0to 2" '—1do
if v is the left child node of its parent node then
| Cuall0] = Bualils mlt] =1
else Cp[j][1] = B[]

f v s the left child node of its parent node then exit
for(=0to L —1do
for z=t—1tot. do
for j =0 to 2" * 1 do
vo = Cpyl41),241[5][0]; v1 = Ciza [5][1]
if z ==1t¢. then
C1:[27][0] = vo & v1; C1.[25 + 1][0] = vy
| nlz+ 1] =pl] =1
else
Ci2[27][1] = vo ® vy; Cr 25 + 1)[1] = 0y
mlz+ 1] =1

o
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Figure 6.10: (a) Top architecture of CU;. (b) Type-I PE. (c¢) Type-II PE. (d) Inputs
and outputs of the CN.

The Hyb-PSU consists of L computation units, CUy, CUy, ---, CU,_;, where the
micro architecture of CU, is shown in Fig. 6.10(a) and is described as follows.

(a) For block length N = 2" CUj, consists of n stages, where m is an integer and
the first n —m + 1 stages are a binary tree of the type-I and type-II unit processing
elements (PEs) shown in Figs. 6.10(b) and 6.10(c), respectively. Stage z (z > m)
has 2"7* PEs. Each of the remaining m — 1 stages has the same circuitry.

(b) Two types of PEs are used in the PE tree in Fig. 6.10(a). Suppose the
maximal length of a constituent codeword that is returned from a rate-0, rate-1 or
FP node is 2, then stage z (2 > n— u) employs only the type-I PEs. The remaining
stages in the PE tree employ the type-II PEs.

(c) Compared with the type-II PE, the type-I PE has an extra data load unit
(DLU). For PE;,; within stage z (j = 0,1,---,2"% — 1), the binary outputs,
01,22; and 0y, 241, are connected to b; .—12; and b; ;1 2541, respectively. The wired
connections are not shown in Fig. 6.10(a) for simplicity.

(d) BMy. (2 < m — 1) is a bit memory with ¢, = 27— words, where each word
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contains T bits. T is the number of processing elements belonging to a decoding
path in a partial parallel list decoder. For our memory compiler, if ¢, is greater
than a threshold value, then BM, , is implemented with an RF. If ¢, is even greater
than another threshold value, then BM, , is implemented with an SRAM.

(e) The connector module (CN) has two T-bit inputs and two T-bit outputs.

The connections between the outputs and inputs are

Oo|[27] = Lljl®Llj] 0<j<T)/2
Oo[2j + 1] = L[] 0<j<T/2 611)
O1[2§ — T = Lljlenhlj] T/2<j<T
O\2j+1—T] = L] T/2<j<T

(f) For our Hyb-PSU, L computation units are needed. For each PE within
CU;, my; in Figs. 6.10(b) and 6.10(c) is the output of an L-to-1 multiplexer whose
inputs are dy . ;, d1 ., - -+, dr—1,25, where L — 1 of them are from other computation
units. For each CN, M, is the output of an L-to-1 multiplexer whose inputs are

DO,Zle,Za e >DL—1,z-

Computation Schedule of Our Hybrid Partial Sum Unit

Once the returned L codewords 8,0, 8y1, - , By,r—1 are computed, the path pruning
unit also outputs L indices ag, ay, -+ ,ar_1, where a; needs to be copied to decoding
path {. For [ = 0,1,---,L — 1, B,; is first loaded into stage ¢ by the DLU in
Fig. 6.10(b), and the output partial sums in Alg. 23 come out from stage t.. For
stage t, if 3,; is sent from a rate-0 node, then the control signal LZ; is 0, since 3,

is a zero vector. Otherwise, LD; = 0 and LZ;, = 1. For the other stages, LD, = 1
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and LZ, =1 (z # t).

For all partial sums within the partial sum matrix Cj ., we divide them into two
sets: C7, and C} ,, where C}, consists of Cy.[4][0] for j = 0,1,---,2""* =1 and Cj,
consists of the other partial sums within Cj .. For each (., our Hyb-PSU stores
only Cﬁz in the registers or bit memory of stage z. As shown in Alg. 23, for z =t —1
to t. + 1, Cj, is computed in serial. At last, C}, is computed. For our Hyb-PSU,
after loading the returned L codewords into stage ¢, for z =t — 1 to t. + 1, Czl,z is
computed on-the-fly and passed to the next stage as shown in Fig. 6.10.

When t. > m, C?te is computed in one clock cycle and is output from stage
te, where Cp4 [j][0] is set to s;¢, ; produced by the type-I and type-1I PEs for j =
0,1,---,2" " —1. When t, < m, C,_ is computed in 2"~ /T cycles, and T updated
partial sums are computed in each clock cycles. Since decoding path a; needs to be
copied to path [, for z = t,t —1,--- ,t. + 1, the computation of Cll’z is based on
Cy, .., and C;_,,. Hence, the multiplexers within stage z are configured so that

My zj = dq, - for z = m. When z <m, M, = Q.-

Comparisons with Related Works

Compared to the partial sum computation architectures in [31,32], the proposed
Hyb-PSU architecture has advantages in the following two aspects.

(1) The proposed Hyb-PSU is a scalable architecture. The PSU architectures
in [31,32] require L(N — 1) and L(N/2 —1) single bit registers, where N = 2" is the
block length. Hence, they will suffer from excessive area overhead when the block
length N is large. In contrast, the proposed Hyb-PSU stores L(N — 1) bits and

most of these bits are stored in RFs or SRAMs, which are more area efficient than

189



6.4. HIGH THROUGHPUT LIST POLAR DECODER ARCHITECTURE

registers.

(2) The architectures in [31,32] copies partial sums of a decoding path to another
decoding path when needed, while our Hyb-PSU copies only index references. We
define the copying of a single bit from one register to another as a single copy
operation. When decoding path !’ needs to be copied to path [, the PSU in [32]
requires N; = 2"~! — 1 copy operations, while our Hyb-PSU needs only Ny = (n +
1) log, L copy operations. Since the value of L for practical hardware implementation
is small, our lazy copy needs much fewer copy operations than direct copy.

In this chapter, when L = 4 and T = 128, for N = 2 and 2'°, the proposed
hybrid partial sum computation unit architecture is implemented with m = 3 and
m = b, respectively, under a TSMC 90nm CMOS technology. Our partial sum
computation unit consumes an area of 0.779mm? and 1.31mm? for N = 2! and
N = 21 respectively.

To the best of our knowledge, those decoder architectures in [31,32,36,82] are the
only for SC based list decoding algorithms of polar codes. However, in [31, 36, 82],
the partial sum computation unit architecture was not discussed in detail and the
implementation results on the PSU alone are not shown. Hence, we compare our
proposed Hyb-PSU with that in [32]. When L = 4, the partial sum unit architecture
in [32] for N = 2'3 and 2'° consumes an area of 1.011mm? and 3.63mm?, respectively,
under the same CMOS technology. All PSUs are synthesized under a frequency of
500MHz. Our Hyb-PSU achieves an area saving of 23% and 63% for block length

213 and 2%, respectively.
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6.4.5 Latency and Throughput

For the proposed high throughput decoder architecture, the number of clock cycles,
Np, used on the decoding of a codeword depends on the block length, the code rate
and the positions of frozen bits. For our RLLD algorithm, let Ny be the number
of nodes (except the root node) visited in G,,. Let Sy denote the set of indices of
visited nodes (except the root node). Let S, be a subset of Sy, where S{, consists
of rate-1 nodes with I, < Xy, and all FP nodes. For v; € Sy, let t; be the layer

index of node v; for : =0,1,--- , Ny — 1. Then

Ny—1
Np =Y (N +Np) + Ne, (6.12)

=0
where N f) = [%1 is the number of clock cycles needed to calculate the LLR

vectors sending to node v;. N I(Di) is the number of clock cycles used by our PPU
when v; is activated. Note that decoding path splits only if node v; is a rate-1 node
with I, < X;, or an FP node. Hence, N](j) =0ifuv, € 5),. Ifv; € S, Nl(f) # 0 and
depends on the node type, X, q1,., 7', L and the number of pipeline stages in our
PPU. This will be discussed in more detail in Section 6.5.

Since our list decoder outputs zf ' instead of uj) ', we need to obtain u) '
based on x)'~! before calculating the CRC checksum of the information bits. A
partial-parallel polar encoder [83] can be used and the corresponding latency is
N/T when T bits are fed to the encoder in parallel. For the computation of CRC,
a partial parallel CRC unit [84] can be used, and the corresponding latency is also
N/T. As aresult, No = 2%

The latency of our decoder is T;, = Ng/f, where f is the decoder frequency.
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Since we are using CRC for output final data word, we calculate the net information
throughput (NIT) of our decoder, where NIT = %, where h is the CRC
checksum length. Here, the latency due to the CRC checksum computation does
not affect out decoder throughput, since our decoder can work on the next frame

once our Hyb-PSU begins to output decoded codewords for current frame.
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6.5. IMPLEMENTATION RESULTS AND COMPARISONS

6.5 Implementation Results and Comparisons

To compare with prior works, we implement our high throughput list decoder ar-
chitecture for three polar codes with lengths of 2%, 213 and 2'°, respectively, and
rates 0.5, 0.5 and 0.9, respectively. The last polar code is intended for storage
applications. For each code, three different list sizes are considered: L = 2,4,8.
All our decoders are synthesized under the TSMC 90nm CMOS technology using
the Cadence RTL compiler. The area efficiency (AE) of a partly parallel decoder
architecture depends on the number of PUs. In order to make a fair comparison
with prior works in [32,33,37], the number of PUs for each decoding path of our
implemented decoders is selected to be 64 when N = 2!, When N = 2!3 and 2'°,
the number of PUs per decoding path is 128 for our decoders. The list decoders
in [85] are based on a line architecture, which always requires 5 PUs.

A total of 3, 4 and 6 pipeline stages, respectively, are inserted in the PPU for
decoders with L = 2, 4 and 8, respectively. The number of pipeline stages needed
for our PPU is determined by the longest data path. For each v; € S}/, if node v; is a
rate-1 node with I, < Xy, Nl(j) depends on the number of PUs in a decoding path:
when I, <T, N I(Di) = 2 for all our implemented decoders; otherwise, N I(Di) = 4 for all
our decoders, since the minimum value of a received LLR vector is calculated in a
partial parallel way, which incurs extra clock cycles. When node v; is an FP node,
N J(f) relates to g, . Depending on the detailed value of g;, 1, we may use different
data paths when computing the L minimum expanded path metrics. The locations
of all pipelines are arranged so that a fewer number of clock cycles is needed when
the gz, 1 is smaller. In Table 6.6, we list the detailed value of N I(f) with respect to
I, and L.
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6.5. IMPLEMENTATION RESULTS AND COMPARISONS

The selection of Xy, is a trade-off between AE and error performance. When
increasing Xy, more rate-1 nodes will be processed by our CG algorithm. Hence,
Np increases and the resulting NIT decreases. Meanwhile, the corresponding error
performance is better especially in high SNR region. Our high throughput list
decoder architecture supports all Xy, values. For all our implemented decoders, Xy,
is set to be large enough so that all rate-1 nodes are processed by our CG algorithm.
In this setup, for each implemented decoder, Np is maximized with respect to Xy,
and hence the throughput of our decoder architecture in Tables 6.3, 6.4 and 6.5
is the minimum achieved by our decoders. For each code, the corresponding error

performance is better than that of the RLLD with the MEQ in Fig. 6.6.

Table 6.6: Nl(;i) with Respect to [, and L
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The implementation results are shown in Table 6.3, 6.4 and 6.5. The implemen-
tation results show that our decoders outperform existing SCL decoders [32,33, 36]
in both decoding latency and area efficiency. Compared with the decoders of [33],
the area efficiency and decoding latency of our decoders are 1.65 to 45 times and
3.4 to 6.8 times better, respectively. The area efficiency and decoding latency of
our decoders are 4.07 to 30 times and 5.5 to 13 times better, respectively, than the
decoders of [32]. Compared with decoders of [37], our decoders improve the area ef-
ficiency and decoding latency by 1.16 to 17.8 times and 2.8 to 9 times, respectively.
When N = 29 the area efficiency and decoding latency of our decoders are 3.9

to 4.4 times and 3.58 to 3.84 times better, respectively, than the decoders of [36].
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Compared with the decoders of [36], our decoders would show more significant im-
provements in area efficiency and decoding latency when N is larger.

Based on the implementation results shown in Tables 6.3, 6.4 and 6.5, it is
observed that when the block length is fixed, as the list size L increases, the area
efficiency and decoding latency will decrease and increase, respectively, due to the

following reasons:
e [t takes more memory to store internal LLRs when L increases.

e The number of pipeline stages within our PPU will increase when L increases,

which in turn increases the overall decoding clock cycles.

The latency reduction and area efficiency improvement of our decoders are due
to the reduced number of nodes activated in the decoding. However, the area and
frequency overhead of the proposed PPU somewhat dilute the effects due to decoding
clock cycles reduction. For example, our decoder reduces the number of decoding
cycles to approximately % of that of the decoders in [33] for L = 2, 4 and 8. However,
the reduction in decoding cycles does not fully transfer into the improvement in
decoding latency and area efficiency. Based on our implementation results, take
L = 2 as an example, the PPU occupies 61.99%, 40.16% and 25.40% of the area
of the whole decoder, for N = 219 23 and 2'%, respectively. Compared with the
decoders with N = 2! and 2'3, the effects on the area efficiency caused by the area
overhead of PPU are smaller for decoders with N = 2!5. Keeping T' unchanged, as
N increases, the area of the PPU increases very slowly while the total area of all
LLR memories is proportional to N. Hence, for larger N, PPU occupies a smaller

percentage of the total area of a whole decoder. When list size L is fixed, as N
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increases, the latency reduction and area efficiency improvement compared with

other decoders in the literature will be greater.

6.6 Conclusion

In this chapter, a reduced latency list decoding algorithm is proposed for polar codes.
The proposed list decoding algorithm results in a high throughput list decoder ar-
chitecture for polar codes. A memory efficient quantization method is also proposed
to save the size of message memories. The proposed list decoder architecture can
be adapted to large block lengths due to our hybrid partial sum computation unit,
which is area efficient. The implementation results of our high throughput list de-

coder demonstrates significant advantages over current state-of-art SCL decoders.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, efficient hardware decoder architectures for NB-LDPC codes, polar
codes, MV and KK codes are presented. An algorithm-architecture co-optimization
approach is employed.

In Chapter 2, the shuffled decoding algorithm and decoder architecture are pre-
sented. The shuffled decoding algorithm reduces the average number iterations.
Implementations for the (837, 726) nonbinary QC-LDPC code show that the ef-
ficiency of the proposed decoder architecture is much higher than these previous
works.

In Chapter 3, a fully parallel decoder architecture based on the is presented. A
reduced memory complexity trellis based check node processing (RTBCP) algorithm

is first proposed. A parallel check node unit (CNU) and a low-latency variable node
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unit (VNU) are also proposed. Based on the proposed CNU and VNU, an effi-
cient fully parallel decoder architecture is also proposed. A fully parallel NB-LDPC
decoders based on GF(256) is implemented with 28nm CMOS technology. The de-
coder over GF(256) achieves a throughput of 546Mb/s and an energy efficiency of
0.178nJ/b/iter. Compared with the state-of-art NB-LDPC decoder architectures,
the implementation results demonstrate that our fully parallel decoder architecture
has obvious advantages in terms of throughput and area efficiency.

In Chapter 4, efficient decoder architectures for KK and MV codes are presented.
A serial decoder architecture and an unfolded decoder architecture for KK codes are
proposed for applications with moderate and high throughputs, respectively. Both
architectures are implemented for KK codes over GF(2%) and GF(2'®) to demon-
strate their efficiency. Compared to the rank metric decoder architectures for KK
codes [43], the proposed serial decoder architecture improves the throughput by
4.9 and 13.2 times, while its gate counts are only 56% and 76% of their respec-
tive counterparts in [43]. Moreover, for these two codes, the unfolded architecture
achieves a throughput of 12.5Gb/s and 41.6Gb/s, much higher than the throughput
of 214Mb/s and 134Mb/s of their respective counterparts in [43]. The throughputs
per thousand NAND gates of our architectures are much higher and their latency
much shorter than their counterparts in [43]. A serial list decoder architecture for
MYV codes is also proposed. To the best of our knowledge, this is the first hardware
implementation of MV decoders.

In Chapter 5, we present the first hardware implementation of the CA-SCL
algorithm to the best of our knowledge. An memory efficient memory partition

method is employ to reduce the area of the message memories. A fine grained PU
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profiling (FPP) algorithm is proposed to determine the minimum quantization size
of each input message for each processing unit so that there is no message overflow.
An efficient scalable path pruning unit (PPU) is proposed to control the copying of
decoding paths. Based on the proposed memory architecture and the scalable PPU,
our list decoder architecture is suitable for large list sizes. For a (1024, 512) rate-1
polar code, the proposed list decoder architecture is implemented for list size L = 2
and 4, respectively, under a 90nm CMOS technology. Compared with the decoder
architecture in [31] synthesized under the same technology, our decoder achieves
1.24 to 1.83 times area efficiency (throughput normalized by area). Besides, the
proposed CA-SCL decoder has better error performance compared with the SCL
decoder in [31].

In Chapter 6, a tree based reduced latency list decoding algorithm and its cor-
responding high throughput hardware architecture for polar codes are presented.
Our reduced latency list decoding algorithm reduces the number of nodes visited in
a decoding tree. The proposed high throughput list decoder architecture has been
implemented for several block lengths and list sizes under the TSMC 90nm CMOS
technology. The implementation results show that our decoders outperform existing
SCL decoders in both decoding latency and area efficiency. For example, compared
with the decoders of [33], the area efficiency and decoding latency of our decoders

are 1.65 to 45 times and 3.4 to 6.8 times better, respectively.

7.2 Future Work

For future work, the following point may be worthy to be looked into:
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e Low complexity low latency decoding algorithms and decoder ar-
chitectures for NB-LDPC codes. Compared to binary LDPC decoders,
current NB-LDPC still suffer from excessive hardware complexity. For the
practical application of NB-LDPC codes, efficient decoding algorithms still
need to be investigated. Stochastic computation can reduce the computa-
tional complexity at the cost of long decoding latency. It is interesting to
combine stochastic computation with current NB-LDPC decoding algorithms
over real domain. It is also promising to explore the joint detection and de-
coding with NB-LDPC codes. Besides, efficient hard decoding algorithms for

NB-LDPC codes still need to be investigated.

e Efficient belief propagation decoding algorithms and decoder archi-
tectures for polar codes. Lots of efforts have already been devoted to
the research of efficient SC based decoding algorithms for polar codes. For
applications that require soft output, the belief propagation decoding algo-
rithms are essential. Current belief propagation decoding algorithms suffer
from high computational complexity, high hardware complexity, inferior error
performance due to inefficient message updating schedule. It is interesting to

explore efficient schedules for belief propagation decoding of polar codes.
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