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Abstract—In this paper a pipeline architecture is proposed
for FPGA implementation of a quasi-cyclic LDPC (QC-LDPC)
encoder.

The results are provided for implementation on a Xilinx
ZYNQ-7 ZC706 Evaluation Board for code with rate 5/6 and
block lengths from 576 to 2304. The design is parameterized
and can be easily rebuilt to support various code rates and code
lengths. The base matrices H and code parameters are taken
from the IEEE 802.16e standard.

The number of logic elements (LUT), clock speed, and through-
put of the encoder are presented for different code lengths. The
throughput of up to 16 Gbps for IEEE 802.16e codes has been
achieved.

Index Terms—LDPC, QC-LDPC, parallel and configurable
architectures, FPGA implementation, encoding.

I. INTRODUCTION

Low-density parity-check (LDPC) codes were invented by
Gallager in 1963 [1] and then rediscovered by MacKay and
Neal [2] in 1990’s. Nowadays LDPC codes have received
much attention due to their efficient decoding algorithm,
excellent error correcting capability and their performance able
to achieve up to 0.0045 dB of the Shannon’s limit at a BER
of 1076 [3]. These codes are used in many communication
standards such as IEEE 802.11n/ad/ay/ax (WiFi) [4], IEEE
802.16e (WiMAX) [5], ETSI 5G [6] and video broadcasting
standards such as DVB-T2, DVB-S2, DVB-C2 and also find
place in other fields, including error correction techniques for
magnetic storage and flash memory. Several FPGA architec-
tures have been proposed for LDPC encoders in the past [7]
- [14] and known to be a hot topic nowadays [15] - [17].
Most of the previously proposed architectures did not possess
universality properties and supported only one code rate or
block size.

Architectures for quasi-cyclic LDPC (QC-LDPC) encoders
were also proposed. QC-LDPC codes are used in 802.11 and
802.16e standards and allow to reduce size of memory for
parity check matrices storage. The encoder specified in [16] is
based on replacing the inverse matrix with back substitution,
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that allows to increase the encoding speed and reduce the
quantity of memory bits required; the maximum throughput
of this implementation is 1.2 Gbps. The pipeline encoder
architecture proposed in [11] is flexible in terms of both the
code rate and code length; this implementation features a
maximum throughput of 6.28 Gbps.

But, increasing the data transfer rates requires the develop-
ment of more efficient encoders and decoders. As an example
of the transfer rates required by modern technologies, the IEEE
802.11ax specifies data rate up to 11 Gbps, and IEEE 802.11ay
up to 40 Gbps [18].

Therefore, encoders proposed in [11] and [16] can’t sat-
isfy the growing needs of modern standards. In this paper
we provide the parallel encoder realization for QC-LDPC
codes, that meets the requirements of modern specifications
for throughput, and has the flexibility to work with various
code rates and sizes. In proposed design the parallel encoding
is combined with a pipeline structure, that allows us to
significantly reduce the latency and increase the throughput.
The FPGA implementation details on FPGA ZYNQ-7 ZC706
Evaluation Board (xc7z045ffg900-2) and the implementation
results of this architecture are also provided.

The paper is organized as follows: the next section contains
several common definitions and notations used herein and the
overview of the encoding process. The FPGA implementation
of the LDPC encoder is described in section III. Section
III contains several definitions, the common description of
the simulation model and all LDPC codes used herein. The
hardware implementation results are presented in section IV.
Finally, Section V concludes this paper.

II. DEFINITIONS AND NOTATIONS

For QC-LDPC codes encoder implementations only base
parity-check matrixes H; are stored, that allows to signifi-
cantly reduce memory consumption for matrix set storage. But
the structure of the base matrix limits parallelism in checks
computation. Parity check matrices H; that are used in this
paper are specified in [5], and encoding procedure carry out
as follows.



The standard IEEE 802.16e specifies 12 different codes
supporting coding rates of 1/2, 2/3, 3/4 and 5/6. The LDPC
encoder is systematic, i.e. it encodes an information block,
5 = (80,51, 8(k-1)), of size k into a codeword, z, of size
N, & = (80,51, S(k-1)> P0s P1s s P(n—k-1))- A parity check
matrix H has size m x n and can be obtained from the base
matrix Hp. The matrix H is defined as H = PHv, where P
is cyclic-permutation matrix size of z X z. The matrix Hj has
size my X ny,, where my =m/z, n, =n/z.

Encoding of LDPC codes uses the following property of the
base parity-check matrix:

T —oT. (1)

The base matrix H; can be divided into two parts: Hp, =
[Hy1 Hpo). Hpy is of size mp X kp. It corresponds to the
information bits with k; = n; — my. The matrix Hyo, in turn,
corresponds to the parity-check bits and is of size my X my,.
Expression (1) can be rewritten as:

HbX.Q?

[mlmﬂmﬂ. 2)
After solving (2), we get:
p=Hy, ' Hys. (3)

However, direct realization of (3) has a high encoding com-
plexity. Hpo can be partitioned into two parts:

Hyy = [hbz | Hég] =
T hs(0) 0 -1 -1 —=1 ... ... =17
-1 0O 0 -1 -1 ... ... -1
-1 -1 0 0 -1 ... ... -1
-1 -1 -1
= ho(i) | =1 ... . . o1 | @
-1 1 .. e A
: e ee . ... =1 0 0
_hb(mbfl) -1 -1 —1 0 i

Column vector hys has 3 elements with values which are equal
to or greater than 0. All other values of the vector are —1.

Matrix H;, has a dual diagonal structure where each
element has a value in accordance with (5).

0, ifi=jori=j+1
@:{4 ST 5)

elsewhere
where 7 and j are row and column indexes of matrix Hpo
respectively. Therefore, expression (3) can be rewritten as (6)

Hbg Xp= Hbl X S. (6)
III. ENCODER IMPLEMENTATION

A pipeline implementation structure is proposed to increase
the throughput. Input data is updated every cycle and previous
data is moved through the pipeline structure of the encoder.

As a result of encoding, parity bits p are obtained from
information bits s. During the encoding process information
blocks are divided into k; = ny —my groups u of z bits each.

u = [u(0) u(1) ... u(ky — 1)], @)
where each element of u is a column vector as follows:
u(i) = [Siz S(izs1) - S(i41)z—1]" ®)

Using the model matrix Hy,,, the parity sequence p is deter-
mined in groups v of z bits,

v=1[w0)r)..v(m,—1) )
where each element of v is a column vector as follows:
V(i) = [Piz Pliz41) - Plasn)—]” - (10)

The LDPC encoder realization is performed in two stages:
initialization and parallel computation. On the initialization
stage the parity check bit vector v(0) is computed by:

kb 1 mp— 1
P,k v (0 Z ( Z (4, J)) (4)-
7=0 q=0
On the recursion stage parallel computation is performed. The
parity check bit vectors v(1) ~ v(my — 1) are concurrently

computed by:
kb 1 mp— 1
=5 (52 R
ooy Mp — 1

7=0 q=0
where 1 = 1,

The parallel encoding method could significantly reduce the
latency at the expense of extra storage for the sum [5]:

mp—1

c(i) = Z Pyg.5)-
q=1

(1)

mbfl

N+ Y Polg, ke)v(0), (12)
q=1

13)

A. Initialization

Firstly, the parity check bit vector v(0) is computed by (11),
where P; is an identity matrix of size z X z, which is circularly
right shifted by ¢ and x is the row index of element p, ;) from
the matrix Hp;.

The expression (11) is computed by summing the product
of matrix Hy; elements with the input data vectors u(j) row
by row and then column by column. Each product can be
obtained by circular right shifting of the information block
u(j) as shown in (14).

0, if p(g) = ~1
By puld) =4 uld); ‘ %f P =0 (14)
Ushifted(d), i p(g.) >0

The non-zero elements p(q, j) of Hy; specify circular right
shift of the information block w(j). The shifted information
block wshifteq(J) is obtained as a result of shifting. If p(q, j) is
equal to 0, the information block w(j) is not changed. If p(gq, j)
is equal to —1, the information block u(j) is 0. Therefore
equation (14) can be implemented by a barrel shifter. Every
clock cycle a new u(j) comes to the input of the m; barrel
shifters from the Input block as shown in Figure 1. The shifts
are simultaneously performed for each data block u(j) in my
shifters within one clock cycle. Each data block is accumulated
in the Column Accumulator after shifting.

After performing kj — 1 shift-sum operations, the Controller
block sends a reset signal to the Column Accumulator and a
read signal to the Column Accumulator Buffer. The Column
Accumulator Buffer receives new data from the Column
Accumulator every kp — 1 clock cycle. After accumulating
my data blocks in the Column Accumulator Buffer, a vector
of size my X z, necessary to calculate v(0), is obtained. Vector
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Figure 1. Structure of the FPGA LDPC encoder

v(0) is calculated by performing the XOR operation with all
k blocks. The XOR operation is executed line by line with
saving the temporary results ¢(¢) inside the Row Processor.
These results are required to calculate parity bit vectors (1)
to v(mp — 1).

B. Parallel computation of parity bit vectors v(1) to v(mp—1)

The second step is computation of remaining parity bit
vectors from v(1) to v(mp—1). Calculations can be made in
accordance with (6) and (12). Equation (6) can be rewritten

as:
mbfl

V(i) = c(i) + Z By(q, ko)v(0), (15)

where vectors ¢(i) were computed in the previous step accord-
ing to (13).

Expression P, (g, ky)v(0) in (15) represents a circular right
shift version of the vector v(0). Shift values are defined in
hpo. The standard IEEE 802.16e specifies values for hpe as
follows:

0, if 1 = mb/2

hy(i) = 1, ifi=0o0ri=my—1 |, (16)
—1, elsewhere
The matrix Hps in (4) can be rewritten as follows:
ro1 o -1 -1 -1 ... ... =17
-1 0 o -1 -1 ... ... -1
-1 -1 0 o -1 ... ... -1
—1 -1 -1
Hpz2 = 0 —1 -1 (17)
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The v(j) parity bit vector can be computed every clock
cycle. The addition in Equation (15) is performed by XORing
c(7) with the sum of corresponding values of the shifted
versions of the vector v(0).

The Output Control block is designed to form the output
sequence x = [s p| consisting of the data sequence s and the
parity-check bit vector p.

TABLE 1. Synthesis results for IEEE 802.16e

n q Cells | Clock ( MHz ) | Throughput ( Gbps )
576 | 24 | 1484 260 52
960 | 40 | 2756 225 7.5
1440 | 60 | 4008 215 10.75
1920 | 80 | 5492 205 13.67
2304 | 96 | 6837 200 16
IV. RESULTS

The proposed encoder was implemented using a FPGA
ZYNQ-7 ZC706 Evaluation Board (xc7z045ffg900-2). The
design is parameterized and can be resynthesized to support
various code rates, lengths and circulant sizes. Thus the
LDPC encoder was implemented for IEEE 802.16e codes
with codeword lengths of 576, 960, 1440, 1920, 2304 and for
one random generated QC-LDPC codes with codeword length
59880.

The encoder is tested at a 5/6 coding rate for all code
block sizes provided in IEEE 802.16e standard. The results
are shown in the Table 1. It should be noted that the highest
throughput is obtained at a frequency of 200 MHz if the
codeword length is 2304 (circulant is ¢ = 96). The lowest
throughput is obtained at a frequency of 260 MHz if the
codeword length is 576 (¢ = 24).

It can be seen, that in the proposed architecture, throughput
depends on the size of the circulant. The use of a larger circu-



TABLE 2. Comparison of FPGA for LDPC Encoders

[11]

[16] present work

Block length 576 - 2304 2304 576 - 2304
Code rate 5/6 5/6 5/6
Cells (Logic Element) 3391-12306 2580-11399 1484-6837
Frequency, MHz 196.23 - 150.69 117 260-200

Altera STRATIX
EP1S25F672C6

FPGA Technology

Altera FPGA Cyclone II
EP2C70F896C6

ZYNQ-7 ZC706 Evaluation Board
(xc7z045£f2900-2)

3.32-6.28

Throughput, Gbps

1.2 52-16

lant will increase the throughput. For example, experimental
synthes was conducted on the random generated QC-LDPC
code. The matrix parameters of this code were as follows:
my = 30, ky = 120, circulant size z = 499, coding rate was
3/4, codeword length was 59880. When using this matrix on
the xc7z045ffg900-2 board, 292 234 cells and 89% LUT were
used. The encoder frequency was 60 MHz and the throughput
was 22.45 Gbps.

Also a comparison with known FPGA implementations
of WiMax encoders was done, the results are presented in
Table 2. As can be seen encoder from [11] operates at a
frequency of 196.23 MHz for codeword length 576 and has a
throughput of 6.28 Gbps. If the codeword length is 2304, the
encoders from [11] operate at frequencies of 150.69 MHz and
have throughput of 5.67 Gbps. Encoder from [16] operates
only with codeword size 2304 on frequency 117 MHz with
throughput 1.2 Gbps. Consequently the proposed design of
encoder achieves the maximum throughput for IEEE 802.16e
codes among considered ones, and at the same time have
flexibility working with different code parameters.

V. CONCLUSION

The process of designing an LDPC pipeline encoder for
QC-LDPC codes was specified herein. It was shown that
proposed design has from 2.54 to 13.3 time greater throughput
than known implementation of IEEE 802.16e encoders with
different architecture.

The maximum throughput obtained for the developed LDPC
encoder architecture is 22.45 Gbps.

At the same time the proposed design may be used to
synthesize encoders not only for IEEE 802.16e and IEEE
802.11n standards, but for any QC-LDPC code.
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