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Prof. Simon Litsyn, litsyn@eng.tau.ac.il, Tel-Aviv University.

Eran Sharon, eransh@eng.tau.ac.il, Tel-Aviv University.

1 Introduction

This contribution describes a construction of a structured Multi-Rate Low-Density Parity-Check (MR-LDPC)
code for OFDMA PHY. A basic mother code is used for deriving various code rates by merging parity checks of
the mother code. The mother code is constructed using a block parity-check matrix with cyclic permutation
blocks, similar to the codes suggested by Samsung. All codes derived from the mother code can be implemented
on the same hardware of the mother code without additional cost. Since the basic code is structured, the
implementation complexity is low. The codes’ parity check matrices have a lower triangular parity-bits section,
enabling efficient linear encoding. Our flexible matrix’s support rates, from Y2 to 3%, for both large and small
block size. This design of the matrixes improves the performance of both small and long blocks relative to the
rigid matrixes proposed by Motorola and Intel, while using less hardware resources. We achieve decoding time
linear with block length for better utilization of hardware resources. The matrixes are designed to converge in a
small number of iteration to reduce latency and hardware complexity. These properties are important for
minimization of power consumption. Matrixes structure is designed to accommodate the 802.16 OFDMA sub-
channel structures of 48 carriers and multiples.

2 Construction of the mother code
The mother code is a length N, rate %2 systematic structured LDPC code. The parity-check matrix of the

N, N
mother code H, is constructed using a 2—§x7”’ block matrix H, consisting of small ZxZ blocks, which

are either the zero matrixes or a cyclic permutation matrix. For brevity of notation we denote the dimensions of

N N
the block matrix by M, =— and N, = —.
2Z z

Let P’ for i =0,...,Z —1 denote the Z cyclic ZxZ permutation matrices, such that P° is the identity matrix.

Let 0 denote the zero Z x Z matrix. Let P* = 1 . denote a Z x Z stairs matrix.

The block parity-check matrix is constructed based on the following rules:
1
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1) The M, x M, right had side of the matrix is lower triangular

2) The lower rightmost block of the matrix is P*
3) Each row in the matrix contains 6 or 7 non-zero permutation blocks.
4) H, is an irregular matrix, such that the block columns weights spectrum is optimized for

providing good code performance in a small number of decoding iterations. (a block column’s
weight is the number of non-zero block entries in a column).

M M
5) Rows j and j+ Tb for j = 1,...,71’ have no overlapping non-zero block entries.
6) Let H, ,, denote the resulting parity-check matrix that is obtained by summing up the lower and
M
upper Tbx N, parts the block matrix H,. Then, the resulting parity check matrices H, and

H,,, do not contain short cycles.

An example of such a block matrix for N, =384,Z =24 is:

o o pP* p® p> p?2 p®» P P 0 0 O O O O O
o o o o pP* P P2 pP* PP P° 0 O O O O O
o o o o o pt po p*r ptp®p 0 0 0 0 O
Ho o o o o o o0 P4 P P° PP P 0 0O 0 O
PP 0 0 0 O 0 O 0 P2 P P° P2 0 0 0
pP P P P 0O O O O O O O P P P 0 O
o p P P>P° 0 O O O O O O P* P P° O
0o o o P> P*P® 0 O O O O O O P® P P

3 Deriving codes of various rates from the mother code
Codes of various rates between Y2 and 34 can be derived from the mother code by summing up pairs of rows of

1 N . .
the block matrix H, . A code of rate —+ Ni for any « € {0,... ’Tb} can be obtained by summing up the rows j
b

M
and j+7b for j=1,...,a. The resulting block matrix after summation is a (M, —a)x N, , hence the code

. M, - 1 . .
rate is 1— ;\7 “_ ) + Ni' Note that due to property (5) of the constructed mother code, the resulting matrix
b b
after summation remains a block matrix with permutation blocks as its entries. All derived codes are of length
N,, . All derived codes have the same number of 1’s in their parity-check matrix (again, due to property (5)).

3 Encoding
All the constructed codes have a lower triangular block parity-check matrix; hence they have a very simple
linear encoding based on Gaussian elimination.
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Actually, encoding can be performed using the decoder by initializing the information bits part of the decoder
input messages with the information bits and the parity bits part of the decoder input messages with erasures.
Then the decoder can (always) recover the erased bits due to the lower triangular structure of the parity check
matrix. If the parity checks are processed one after another by the decoder, then in each check only a single bit is
unknown and the decoder sets this bit to be the XOR of the 6 (or 5) known bits in the check.

4 Accommodating various code lengths
Various code lengths can be accommodated in 3 ways:
1) Shortening the mother code and its derivatives: shorter codes can be obtained by shortening each
of the length N, codes of rates %2 to 3 that are obtained from the mother code. Any pair of code

m

N N
length N_ and code rate R, maintaining T’” <N, (1-R)< ES can be obtained by shortening

one of the length N, codes. Hence, larger flexibility in code length and rate is obtained

compared to using a single rate mother code as suggested by Intel and Motorola.
2) Changing the size Z of the permutation blocks, which inflates/deflates the parity-check matrix,
as suggested by Samsung.

Both schemes suggested above suffer from the same disadvantage: the decoding time remains the same
regardless of the code length. When shortening is used the decoder still works on the complete code
even though the actual code length might be very small and the decoding time of short and long blocks is
the same. When the permutation block size Z is used for changing the code length, the effect is the
same. The block matrix structure allows to process Z rows or columns of the parity check matrix
simultaneously using Z processors. When we “deflate” the permutation block size by factor ¢ we
obtain a shorter code of lengtha/N, , but it also means that only aZ processors are active. Hence, the

m?

hardware is not used efficiently, and the decoding time of the length aN, code remains the same as the

decoding time of a length N, code.

For this reason we believe that the following third method is preferred:
3) Using several mother codes with different lengths: We suggest using 4 mother codes of lengths
N, =2304,1728,1152,576 withZ =24 . The code lengths are chosen as multiples of 48 bits to

accommodate an integer number of OFDMA sub-channels. The permutation block size is chosen
to be Z =24 for providing the possibility for sufficient parallelism to allow enough decoding
iterations at high throughput and sever latency conditions as described in the next section. Note
that all the mother codes and the codes derived from them can be implemented on the same
hardware. Adding each additional mother code requires only a ROM for maintaining its block
parity check matrix H,. The ROM size required for maintaining the matrix H, is

N N
ZZm X ({log2 7’”—‘+!—log2 Z ) bits. For the largest length 2304 code this amounts to 4032bit

ROM. For maintaining all 4 mother codes a 9744bit ROM is needed. Thus, at a low cost of an
increased ROM size we obtain full rate and code length flexibility. The same encoder/decoder
hardware supports lengths 2304,1728,1152 and 576 codes of any rate between %2 and 3% .
Obtaining other code length between the 4 mother codes’ lengths is done through the shortening
mechanism.



2004-06-26 IEEE C802.16e-04/185

The advantage of this method is that the decoding time is linear with the code length since all
mother codes are constructed using 24 x 24 permutation blocks. This provides a good solution
for both streaming applications and immediate ACK applications. In streaming applications,
codes of different length perform the same number of iterations for a given throughput (while in
the first two methods the performance of shorter codes would be severely impaired because they
will be able to perform less decoding iterations). In immediate ACK applications shorter codes
can be used when lower latency is needed.

S Structured Vs. Random code construction

Assume the following code parameters and system parameters:

N — code length

R — code rate

M = N(I-R) — number of rows in the parity-check matrix

d. — average parity-check matrix row weight

I — desired maximal number of iterations (assuming no statistical multiplexing is used)
f—system clock

Z — decoder parallelism (number of processors)

L — decoding latency

The standard decoding algorithms for LDPC codes are based on iterative message-passing algorithms. These
algorithms rely on a graph-based representation of codes, where the decoding can be understood as message
passing between nodes in a bipartite graph. In each iteration, messages are passed on all edges of the graph in
both directions. The number of edges in the graph is equal to the number of 1’s in the code’s parity-check
matrix, which is M xd_ . Hence, a decoding iteration involves reading M xd_. messages from a memory,

processing the messages and writing the updated messages back to memory. Assuming required decoding
latency L, a system clock frequency f and a desired maximal number of iterations /, a decoding iteration should

c

be performed in % clocks. This means that in each clock messages should be read (and written) to the

memory. One can then immediately see that many messages should be read each clock from the memory. This
implies that using a randomly constructed LDPC code would require saving the messages in registers (since

C

-port RAM do not exist) leading to increased chip area. Furthermore, it would lead to severe routing

problems of messages into processors, rendering the design impractical.

Using a structured block LDPC code can solve these problems, enabling simple simultaneous processing of sets
of Z messages, by facilitating both their memory management and their routing from the memory to the
processing units.

6 Simulation results

The following figures show simulation results of the proposed codes over AWGN channel, compared to the
codes proposed by Intel and Samsung. All codes are decoded using the standard Belief-Propagation decoder
with 12 decoding iterations. 12 iterations for a length 2304 code is chosen as a upper estimate of what a system
with reasonable complexity will be able to perform (at Imusec latency, 240Mhz clock). Using a 50 iterations

4
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simulation is less informative since the complexity of a system that can perform 50 iterations is huge. For the
proposed MR-LDPC codes with length shorter than N,, = 2304 we also show the performance with more
decoding iterations scaled linearly with the code length reduction (since for the MR-LDPC construction, given a
fixed latency the number of decoding iterations increases as the code length decreases).

For rate Y2 codes we compare Intel’s shortened (800,400) code, Samsung’s B-LDPC codes of length 2304 (N, =
96) and 1152 (N, = 48) and the proposed MR-LDPC codes of lengths 2304 and 1152.

. R =05, BP Decoding, 12 iterations
10

L

e L T
=& MR-LDPC, MN=2304, 7=24 .
71—+ MR-LDPC, N = 1152, Z=24, (12 iterations) []

—— MR-LOPC, M= 1152, Z= 24, (24 iterations) |
Samsung B-LOPC, M = 2304, Ms =55
! ' : ! —&— Samsung B-LDPC, M= 1152, MNs = 45
[FensrniEatan e inhan hagngsrenar ithamnnnanas RRHERE (800 4007 - Shortened Intel code
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....................
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BLER

|
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It can be seen that Intel’s rate Y2 code is weak due to it’s short length, emphasizing the disadvantage of the
shortening technique which has a one to-one relation between rate and code length. In addition it can be seen
that the MR-LDPC codes which are optimized for good performance at small number of iterations perform
better then Samsung’s B-LDPC codes. The gain of short MR-LDPC codes is even larger for short codes,
because they are able to perform more iterations compared to the B-LDPC scheme or the shortening scheme.

For rate */3 codes we compare Intel’s shortened (1200,800) code, the proposed MR-LDPC codes of lengths 2304
and 1152, and a rate 3% length 2304 MR-LDPC shortened to obtain a (1728,1152) code, which is provided as an
example showing that MR-LDPC codes work well under shortening.
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R =067, BP Decoding, 12 iterations
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=

S i e

—5- MR-LDPC, N=2304, Z=24

—— MR-LDPC, M= 1152, Z=24 (12 iterations)

—t— MR-LDPC, N=1152, Z=24 (24 iterations)
length 2304 rate 0.75 MR-LDPC shortened by 576 bit to obtain a (1728,1152) code

—&— (1200,800) - Shortened Intel code

N

15 2 25
Eb/Ma [d5]
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For rate 3% codes we compare Intel’s shortened (1600,1200) code, Samsung’s B-LDPC codes of length 2304 (N;

=72) and 1152 (N, = 36) and the proposed MR-LDPC codes of lengths 2304 and 1152.

R =0.75, BP Decoding, 12 iterations

BLER
=

10t~ MR-LDPC, N =2304 7 =24
F{ —— MR-LDPC, M= 1152, Z =24, (12 iterations)
[ = MR-LDPC, M= 1152, Z=24, (24 iterations)

—&— Samsung B-LDPC, M= 1152, Ns = 36
I [(1600,1200) - Shortened Intel code

10'4 | |

M Samsung B-LDPC, N = 2304, Ns =72 e

i
15 2 25 3 15
Eb#Na [dE]

7 Appendix
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The block matrices H, of MR-LDPC mother codes of length 2304 and 1152 with Z = 24 permutation blocks are
provided in the attached Matlab workspace file. Note that the zero matrix is described as a -1 entry in the
matrix, a permutation matrix P’ is described as a i entry in the matrix and the stairs matrix P* is described as a Z
entry in the matrix. Codes of various rate are derived from the mother code matrix H, by merging rows of the
matrix as described in Section 3.

For the ones who prefer to use Intel format, we also provide files containing rate Y2 and % , length 2304 and
1152 matrices in Intel’s format.



