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Abstract

In this letter we present a new architecture for a polar decoder using a reduced complexity successive
cancellation decoding algorithm. This novel fully-unrolled, deeply-pipelined architecture is capable of achieving a
coded throughput of over 237 Gbps for a (1024,512) polar code implemented using an FPGA. This decoder is two
orders of magnitude faster than state-of-the-art polar decoders.

|. INTRODUCTION

Polar codes provably achieve the symmetric capacity of memoryless channels using the low-complexity
successive-cancellation (SC) decoding algorithim [1]. However, the SC algorithm is sequential in nature,
leading to low-throughput decoders. In [2]} [3], new decoding algorithms with the specific aim of reducing
the decoding latency and increasing the throughput were proposed. These algorithms work by decomposinc
a polar code into its constituent codes and using fast, specialized decoding algorithms on them. They
represent polar codes as decoder trees that can be pruned by creating a new node type for each of th
recognized constituent code types.

The field-programmable gate-array (FPGA) implementation of the Fast Simplified Successive Cancel-
lation (Fast-SSC) algorithm presented(in [3] can achieve an information throughput of 1 Gbpsl Fig. 1a is
the graph representation for an 43 polar code whereyg, u;, u, andu, are frozen bits. Fid. 1b shows the
decoder tree corresponding to Fast-SSC decoding of thé} (®lar code after tree pruning is applied. The
arrows indicate the data flow whereas the annotations correspond to the channel ¥gleedunctions
as defined in the Fast-SSC algorithm [3]. Notably, the striped node corresponds to a Repetition code of
length 4 and the cross-hatched one to a single parity check (SPC) code, also of length 4.
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Fig. 1: From a graph to a Fast-SSC decoder tree.

Currently, the fastest realization of a decoder for polar codes is the belief-propagation (BP) decoder of
[4], which achieves a coded throughput of 4.68 Gbps (information throughput of 2.34 Gbps) for a (1024,
512) code on a 65 nm CMOS application-specific integrated-circuit (ASIC) running at 300 MHz.
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Fig. 2: Implementation for (8!) polar code. Clock signal not routed for clarity.
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Fig. 3: Timing example to decode 3 frames of a4Bpolar code.

In spite of these advances, polar decoders remain slow aeahpa capacity-approaching codes such
as low-density parity-check (LDPC) codes, hampering tleioption for high-speed applications. This
work addresses this issue by presenting a new decodereithig that achieves a coded throughput of
237 Gbps (information throughput of 118.5 Gbps) on an FPGAning at 231 MHz for a (1024, 512)
polar code.

Il. ARCHITECTURE

Most existing polar decoders (e.al [3]-[5]) minimize area anaximize logic utilization by restricting
the decoder to decode a single frame. While this approackriwnplementation complexity, it limits
decoding throughput. Instead, we propose generating a-sjegfic unrolled decoder, fully pipelining
its execution so that it processes portions of several fsamt@nce, and adding memory registers for the
required data persistence.

Fig.[2 shows the decoder architecture for apd§8oolar code. The functional units correspond to the
operations shown in Fid._1b, each of which is followed by aepie register to store the operation’s
output. In addition some pipeline stages do not have anyessicg logic; they are added to ensure
that diferent messages remain synchronized. As a result of theimedetlesign, at every clock cycle, a
frame is output and a new received frame can be loaded as shathie timing diagram in Fig.]3. This
deeply-pipelined architecture leads to very high-thrqughdecoders.

Due to the unrolled nature of the architecture, the growtresources used is quadratic in code length.
It is also dfected by the code rate and frozen bit locations as bffétiathe structure of the decoder tree
and, in turn, the number of operations performed in a Fag§-8&&oder. The amount of memory used is
also quadratic in code length anffexted by rate and frozen bit locations. In comparison, the-68C
decoder in([3] requires memory that grows linearly in codegtd. This growth in resources and memory
limits the proposed decoder to codes of moderate lengths whplemented on an FPGA.
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[1l. | MPLEMENTATION RESULTS

The resulting information throughput BfR bps whereP is the width of output bus in bitsf is the
execution frequency in Hz an@ is the code rate. Latency depends on the frozen bit locatouisthe
constrained maximum width for all modules. In this work, theses are sized so that all data is transferred
simultaneously, i.e. they can carly log-likelihood ratios (LLRs) andN bit estimates as iri_[4]] [6].

A decoder utilizing the proposed architecture was impledor a (1024512) polar code on an
Altera Stratix IV EP4SGX530KH40C2 FPGA. The specializeaatters for repetition and SPC codes
were limited to constituent codes of length4, all others were limited a maximum of 1024. Table |
presents results for two fiierent execution frequencies. It can be observed that, atdke of some
register duplication, the coded (information) throughpan be increased from 210 Gbps (105 Gbps) to
237 Gbps (118.5 Gbps). The latency also decreases froms2t@ 2.4us at 231 MHz. It can also be
noted that, in both cases, register chains are implemersiad $RAM blocks.

TABLE [: Post-fitting results for a (102412) polar code on the Altera
Stratix IV EP4SGX530KH40C2 FPGA.

. RAM f Info. T/P  Latency
LUTs  Registers i) (MHz)  (Gbps)  (CC)
156,450 152,124 285120 206  105.3 559
155,858 158,185 285120 231 1185 559

Table[ll compares the proposed decoder with others fromitieature. Notably, the unrolled decoder
has 50.7 times the throughput of the BP decoder bf [4], withl#tter implemented as a 65 nm CMOS
ASIC clocked at 300 MHz. With its maximum of 15 iterationsetBP decoder has a latency that is 21
times higher than the proposed decoder. The Altera StratikPGA is built using the more recent 40
nm technology. The delay gain between 65 nm and 40 nm CMOS\oémdpy is little over 1.23 as this
corresponds to the gain between 65 nm and 45 [nm [7]. Howdverspeed gain of building an ASIC
instead of using an FPGA was shown to be from 3.4 to 4.6 [8].

TABLE II: Comparison with state-of-the-art polar decoders

This work 4] [6] [3]
Dec. Algo. Fast-SSC BP SC Fast-SSC
Code (1024512) (1024512) (512k) (1024512)
IC Type FPGA ASIC ASIC FPGA
Tech. 40 nm 65 nm 90 nm 40 nm
f (MHz) 231 300 6 108
Latency (s) 2.4 50 0.2 2
T/P (Gbps) 237 4.7 2.9 0.5

Recently, another fully unrolled polar decoder based onléss dficient SC algorithm has been
presented in_[6]. That work is fully combinational with theception of its input and output interfaces
and as a result has a much lower frequency. The proposed etebad a 14 times higher latency but is
over 81 times faster than the 90 nm CMOS implementation _of Tée delay gain between 90 nm and
45 nm CMOS technology is 1.581[7], still lower than the 3.4 t6 factor between FPGA and ASIC. It
should be noted that [6] implemented a smaller polar codemgthN = 512 instead oN = 1024.

Table[ll also presents results for a (10242) polar code decoded using the implementation of [3]. Our
fully-unrolled, deeply-pipelined decoder has a throughpat is over 474 times greater than that previous
Fast-SSC decoder implementation; while the latency islami

The proposed decoder has a throughput that is two orders ghitnde greater than that of state-of-
the-art polar decoders.
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IV. ConcLusioN

In this Letter we presented a new architecture for a fullyallad, deeply-pipelined polar decoder.
We showed that a decoder for a (10342) polar code implemented on an FPGA can achieve a coded
throughput that is two orders of magnitude faster than sibtbe-art polar decoders. At 237 Gbps, it is
51 to 81 times faster than the state-of-the-art ASIC implaatens.
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