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ABSTRACT

This paper presents high-performance encoder and de-
coder architectures for a class of Low Density Parity Check
(LDPC) codes. The codes considered here are based on the
Parallelly Concatenated Parity Check encoder structure. A
major advantage of these codes is that the generator matrix
and the parity check matrix are both sparse, which leads to
efficient VLSI implementations for the encoder and the de-
coder. Our designs use 6-bit quantization with a code rate of
8/9 and a block size of 576 bits. An evaluation of the speed
and hardware complexity is given, and simulation results for
the bit error rate are obtained.

1. INTRODUCTION

Low density parity check (LDPC) codes have recently be-
come of great interest due to their ability to achieve per-
formance near the Shannon limit [1], [2]. LDPC codes
provide an attractive alternative to turbo codes because de-
coders for LDPC codes are much simpler than decoders for
turbo codes. Some LDPC decoder chip designs have ap-
peared in the literature recently [3], [4]. However, encoders
for LDPC codes can become quite complex. This undesir-
able situation is due to the fact that, while the parity check
matrix is sparse, the corresponding generator matrix is not
normally sparse, and the encoder design is determined by
the structure of the generator matrix. Recently, a new class
of LDPC codes using the Parallelly Concatenated Parity
Check (PCPC) encoder structure have been proposed [5],
[6]. These codes have the property that the generator matrix
and the parity check matrix are both sparse. This means that
the encoder and the decoder both have simplified structures,
and therefore these codes become attractive candidates for
VLSI implementation.

As an example of the structure of this class of codes,
the systematic parity check matrix, H, and corresponding
generator matrix, (7, for a rate 8/9 code with a message size
of k=512 bits and a block size of n=576 bits are shown in

Figs. 1(a) and (b), respectively. The 16x512 sub-matrix
P is the basic building block for both G and H. Each row
of P; contains a block of 32 consecutive 1s, with the rest
of its entries being 0s. As shown in the figure, the block
of 1s in each row is offset by 32 columns from the block
of 1s in the previous row. The 64x576 matrix H is con-
structed by concatenating the 64 x 64 identity matrix with a
64 x 512 permutation matrix. As shown in part (a) of the fig-
ure, this permutation matrix is constructed by concatenating
P, with three random permutations of Py, i.e. Py = m1(Py),
P3 = my(Py), Py = w3(P1) where the m; functions are in-
dependent column permutations. Since H is in systematic
form, the 576x512 generator matrix G is easily obtained
as a concatenation of Py, Py, Ps and P, with the 512x512
identity matrix. The key point in this construction is that
both G and H are sparse.
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Fig. 1. Structure of the parity check and generator matrices
using the PCPC construction. (a) Systematic parity check
matrix. (b) Systematic generator matrix.



In this paper, we develop efficient VLSI architectures
for the encoder and decoder of this code. We will show
that it is possible to obtain parallel designs that offer high-
throughput with moderate implementation complexity. Es-
timated gate counts and propagation delay values are given
for the designs.

2. PARALLEL ENCODER

The block diagram for a parallel implementation of the en-
coder is shown in Fig. 2. It is a straightforward mapping
of the previous generator matrix into hardware. The en-
coder contains three types of blocks: Each block labeled as
m; rearranges the incoming message bits according to the
specified random permutation. This can be done directly
using routing. Each block labeled as Parity-Check calcu-
lates a set of XOR functions on its input bits. Finally, the
block labeled as Parallel-to-Serial converter produces a se-
rial codeword that is sent to the channel.
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Fig. 2. Block diagram of the encoder.

3. PARALLEL DECODER

A specific LDPC code can be modeled using a bipartite
graph that consists of bit nodes (corresponding to the bits
of the codeword), and check nodes (corresponding to the
parity checks), with an edge between a bit node and a check
node for each corresponding 1 entry in the parity check ma-
trix. Using the code parameters that we are considering, H
has columns of weight 4 or 1 and rows of weight 33, with
a total of 33x64 = 2112 non-zero entries. Therefore, there
are 2112 edges in the bipartite graph for this code.

The most commonly used method for decoding LDPC
codes is called the sum-product algorithm (SPA), as pre-
sented in [7]-[10]. In this algorithm, information is ex-
changed iteratively between the bit and check nodes of the
bipartite graph. The algorithm may be summarized as fol-
lows:

e Step 1. Initialize. The decoder begins with prior log-
likelihood ratios (LLRs) for the bits z;.

e Step 2. Message passing from bits to checks.
e Step 3. Message passing from checks to bits.
e Step 4. Make hard-decisions.

e Step 5. Repeat steps 2-4 until either of the following
termination criteria are met: (1) If H - z = 0, then
the iterations are complete. (2) Otherwise, stop after
a fixed maximum number of iterations whether they
are complete or not.

As shown in Fig. 3, the parallel design of the LDPC
decoder is composed of two types of computational blocks
(called Cell-A and Cell-B), two interleavers (called B2C
and C2B), and two pipeline registers. Cell-A computes the
message from bit nodes to check nodes, as in Step 2 of the
algorithm. (Note that Cell-A actually comes in two vari-
eties, called Cell-Al and Cell-A2, depending on whether
it corresponds to a column of weight 1 or 4, respectively.)
The outputs of all of the Cell-A blocks are sent through the
B2C Interleaver which rearranges them using the appropri-
ate permutations. These values are then stored in the first of
two pipeline registers. Cell-B computes the message from
check nodes to bit nodes, as in step 3 of the decoding algo-
rithm. The output of all of the Cell-B blocks are stored in
the second pipeline register. They are then sent to the C2B
interleaver and fed back into the Cell-A blocks for another
iteration.

Let (q, f) be a fixed-point number having a total of ¢
bits, with f bits to the right of the binary point. Our designs
are implemented using a (6, 2) quantization, i.e. with 4 in-
teger bits and 2 fractional bits. As will be seen, this leads
to a satisfactory trade-off of implementation complexity vs.
performance. Using this quantization scheme, each pipeline
register requires 6x 2112 = 12672 flip-flips, since the mes-
sages are represented as 6-bit quantities and there are 2112
messages.
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Fig. 3. Block diagram of the decoder.



3.1. CdI-A

The block diagram for Cell-A2 is shown in Figure 4. This
block computes the messages from bit nodes to check nodes
and makes hard decisions, based on steps 2 and 4 of the de-
coding algorithm. Cell-A2 accepts four messages (r1 - r4)
that are represented in the (6, 2) quantization scheme. After
summation of all four incoming messages and the LLR prior
probability, the most-significant bit (MSB) of the LLR post
proability, PP°*¢, is used to obtain a decoded hard-limit in-
formation bit. The intermediate results within Cell-A2 are
computed using an (8,2) quantization format and are then
saturated to the (6, 2) format in the Saturation block.
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Fig. 4. Block diagram for Cell-A2, which computes the
messages from bit nodes to check nodes and produces a
hard-decision information bit.

The implementation of Cell-Al, which has only one in-
coming message, is constructed in an analogous fashion.

33 33
MSB
Sign-Eval

— {22 1 62 ©2)
= ] 2 |2,

| = (2 — 62 ¢ 62)
b~ R e N

— (12,2 (6.2)
g~ =] stmin | 62 @ Zfuuraa |1

12,2)
Saturation

Saturation

12,2) ©62)
Saturation F;:* LUT-B2 }vL* r

Fig. 5. Block diagram for Cell-B, which computes the mes-
sages from check nodes to bit nodes.
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3.2. Cdl-B

The block diagram for Cell-B, which computes the mes-
sages from check to bit nodes, is shown in Fig. 5. Cell-
B is composed of an array of saturating adders, LUT-B1,
Sign-Eval and LUT-B2. The 33 incoming messages (q; -
q33) are evaluated according to Step 3 of the decoding algo-
rithm. The block LUT-B1 implements the nonlinear func-
tion f(z) = log :ﬁigfﬂ“ A plot of the function f(z) (us-
ing the (6, 2) quantization scheme) is shown in Fig. 6.
While this could be implemented using an SRAM-based
look-up table, we assume here an implementation where
each bit position of f is produced by an appropriate combi-
national logic function of the input bits. The array of adders
produces intermediate results having a (12, 2) quantization,
which are then saturated down to (6,2) in order to reduce
the complexity of the subsequent LUT-B2 blocks. The sign
evaluation for each message is performed by forming a col-
lective XOR of the MSBs of all input messages. LUT-B2
takes the messages and the sign bits as inputs and computes
the final messages (r; - r33). Here again, we assume a ded-
icated combinational logic implementation of LUT-B2.

16 T ; ; ;
Floating point
o 6-hit quantization

14

12r q

Output

0
Input

Fig. 6. The plot for the function f(z) = log Zigé;;ﬂ using
the (6, 2) quantization scheme.

4. PERFORMANCE RESULTS

We specify the number of logic gates and the propagation
delays in terms of a set of equivalent 2-input NAND gates.
For the encoder (excluding the parallel-to-serial converter),
the hardware cost is 5952 2-input NAND gates. The de-
lay through this combinational logic is 10 - Ty anp, Where
Twnanp is the propagation delay of a 2-input NAND gate.
The costs of the main computational blocks (Cell-A and
Cell-B) for the decoder are given in Fig. 7. These two



blocks require a total of approximately 2.4 x 10° 2-input
NAND gates and have a total propagation delay of 158 -
Tyvanp. Note that 92% of the total area is attributed to
Cell-B, which contains the look-up tables. The simulation
results for biterror rate (BER) vs. signal-to-noise ratio (SNR)
are shown in Fig. 8, where an additive white Gaussian noise
(AWGN) channel is assumed and the maximum number of
decoding iterations is set at 20. Note that data for both the
6-bit fixed-point precision considered here and a theoreti-
cal floating-pointimplementation are shown in the figure. It
can be seen that the loss in performance due to quantization
effects is very small.
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Fig. 7. Hardware cost and propagation delay for Cell-A and
Cell-B in terms of equivalent 2-input NAND gates. (a) Cost.
(b) Propagation delay.
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Fig. 8. Simulation results using floating-point precision and
6-bit fixed-point precision with a maximum of 20 iterations.

5. CONCLUSIONS

We have presented high-performance parallel implementa-
tions of an encoder and decoder for the PCPC class of LDPC
codes. The designs are based on a code rate of 8/9, a block

size of 576 bits and a (6, 2) finite-precision implementation.
The hardware cost and propagation delay of each unit has
been given, and the BER performance has been shown to
be very close to that for a hypothetical floating-point imple-
mentation of the same architecture. The efficient designs
and the high level of performance indicate that these types
of codes and structures may be of interest for a wide range
of communications applications.
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