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Abstract

In this paper, a fresh belief propagation (BP) decoding algorithm is proposed. The proposed decoding algorithm with improved
perturbation method is designed for short length low density parity-check (LDPC) codes aided by cyclic redundancy check
(CRC). In the proposed algorithm corresponding to path size L, L decoding paths are considered concurrently. Then, a single
codeword is selected according to the checking results of CRC. Simulation results show that the modified CRC-aided decoding
scheme can enhance the error-correcting performance of short LDPC codes effectively.
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1 INTRODUCTION

One of the leading families of error-correcting codes is known as low-density parity-check (LDPC) codes, which
were first introduced by Gallager in [1]. The LDPC code is a kind of linear block codes which is defined by sparse
parity-check matrix H that consists of a large number of zeros and a small number of ones. LDPC codes have
attracted a lot of attention because they can asymptotically achieve the Shannon limits with long codeword length [2].
However, as to short LDPC codes, their error-correcting performance deviates from the predicted performance.

LDPC codes corresponding to Tanner graph which has no short cycles show better error-correcting performance than
other LDPC codes. For Tanner graph corresponding to no cycles, the performance of log-likelihood ratio belief
propagation (LLR-BP) decoding and belief propagation (BP) decoding algorithm [3] [4] can be seen the same as
performance of maximum a posterior probability (MAP) decoding. MAP decoding algorithm must satisfy a strict
requirement. The detail of the requirement is that every bit uniformly receives information belongs to other bits.
Whereas, existence of cycles results to the phenomena that bits included in cycles receive information of bits in the
same cycle more than those of the other bits and those contaminated information are propagated to other bits in the
next step. The BP and LLR-BP decoding algorithms are the approximate MAP decoding since it is difficult to avoid
all cycles when construct parity-check matrix of LDPC codes. For this reason, several works focused on constructing
LDPC codes whose Tanner graph has large girth. However, Gallager [1] has proved that there is a relationship
between girth and codeword length, which indicates that for long length code, the girth of cycles is usually large, i.e.,
the probability of constructing short cycles is small while for short length LDPC codes, the negative influence of
cycle is more apparent than that of long length LDPC codes. In other words, the fact that short codeword length
LDPC codes have smaller girth than that of long codeword LDPC codes is an important reason which results in the
degraded error-correcting performance. To overcome the inherent shortcoming of short LDPC codes, some authors
concatenated LDPC with other kinds of codes to enhance error-correcting performance, such as LDPC-LDPC [5],
LDPC-turbo [6] and LDPC-cyclic redundancy check (CRC) concatenation [7][8].

In this paper, we propose a novel BP decoding algorithm using improved perturbation method aided by CRC. Our
decoder has multiple decoding paths corresponding to path size L which is also the total number of decoding paths. It
should be noted that when our algorithm finishes, it returns a single codeword. The function of CRC is to tell us
what codeword in the path is the transmitted codeword (if the transmitted codeword is indeed present in all paths).
With this modification, simulation results show that the proposed BP decoder can improve the error-correcting
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performance of conventional BP decoder with moderately higher complexity. LDPC codes with short codeword
length decoded by proposed BP decoder corresponding to path size L=32 can achieve 0.25 dB gain at frame error
rate (FER) =107. In particular, the performance of BP decoding algorithm with perturbation in [8] is also presented
for comparison. From computer simulation, we show that for LDPC codes with same code length and code rate, our
proposed BP decoder with improved perturbation method can achieve better FER performance than decoding
methods in [8] with same complexity.

The rest of this paper is organized as follows. In Section 2, a general view of LDPC codes and conventional BP
decoding algorithm are introduced first. We also give a brief introduction of BP decoding with perturbation method
in Section 2. Then in Section 3, the proposed BP algorithm with improved perturbation method is presented.
Simulation results are given in Section 4, followed by conclusions in Section 5.

2 BACKGROUNDS
2.1 Low Density Parity Check Codes and Belief Propagation Algorithm

The LDPC code is a class of linear block code defined by spare matrix H having dimension mxn or its equivalent
Tanner graph [9]-[13]. Tanner graph has two different types of nodes called as variable nodes and check nodes.
Variable node i and check nodes j are connected via edges if and only if h,; =0, where h,; denotes the entry of H at
the jth row (1< j <m) and the ith column (1<i <n).

We define H as the parity-check matrix of the LDPC code. The belief message of check node j to variable node i is
denoted as r; (b) , b=0,1; the belief message of variable node i to check node j is denoted as g; (b) ; denote C(i) and
R(j) as the set of check nodes related with variable node i and the set of variable nodes in jth parity-check node
equation, respectively.

The procedure of LLR- BP algorithm can be described as follows.
1) Initialization: Assume that codeword transmit through Additive White Gaussian Noise (AWGN) channels

A (0,N,) where o° =N, /2 and denotes received bits as Y =(y,, Y,,...Yy,) . Calculate prior probabilities of every
variable node:

1+exp(2y,/ o)
1+exp(-2y, / o)
2) Check nodes updating: Calculate the information from variable nodes to check nodes:

2y,1o° 1)

Lo(qij) = L(P|) =In

L (r,) =2tann [ [] tanh(C L, )] @
ieRj\i
3) Variable nodes updating: Calculate the information from check nodes to variable nodes:
Ll(qij): L(F)i)+jglc_l\j|—(l)(rji) (3)
4) Decoding decision: Calculate the decoding outputs:
0 L()>0
= (4)
1 L(q)<0
where,
L (q.) = L(P:) + ]1;[ L(I)(rji) (5)

Finish decoding when HC™ =0 or attain maximum iteration times. Otherwise, go back to check nodes updating step,
keeping iteration.

2.2 Perturbation Method

In this subsection, a brief introduction about LDPC-CRC codes with perturbation method [8] is given. For each
frame, the author conjoins LDPC codes with a r-bit CRC sequence, thus results in a new LDPC-CRC code in
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encoder and decoder. At receiver side, perturbation method plays a role when the last decoding result is wrong, i.e.,
not satisfying the CRC polynomial. More specifically, the details of perturbation method can be described as adding
a white Gaussian noise whose variance is smaller than o* =N, /2 to the selected several bits which has smallest
absolute values of initial belief. The decoding procedure with perturbation in [8] is shown in Fig. 1. Obviously, the
complexity of this algorithm is T times than the complexity of original BP algorithm, where T is the number of re-
decoding times.
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FIG.1 DECODING WITH PERTURBATION METHOD

3 IMPROVED PERTURBATION METHOD

In this section, we will introduce and define our proposed BP decoding algorithm with improved perturbation
method. Our proposed decoder has a parameter L, called as path size. It is apparent that larger value of L means
better error-correcting performance but higher decoding complexity.

Instead of starting the decoding with the initial LLR values of variable nodes, we choose log, L bits according to a
criterion which will be discussed later and set the LLR value of chosen bits to either positive infinity or negative
infinity, we inspect both options. Namely, the decoder has L different paths concurrently. Naturally, we would like to
choose the “best” path at the end, and thus require another criterion pruning other paths in order to preserve the
“best” one. Our pruning criterion is according to the check results of CRC polynomial. The function of CRC is to tell
us what codeword in the path is the transmitted codeword (if the transmitted codeword is indeed present in the path).

Thus, we concatenate short LDPC codes with CRC-r codes. It is well known that CRC codes are widespread used to
detect error in wireless communication. For example, the 3" generation partnership project (3GPP) standard [14].
Assume a (n, k) LDPC codes, we have k source bits that we are free to set. Instead of setting all of them to
information bits, we set the first (k-r) source bits to information bits we want to transmit. The last r bits are set to be
the r-bit CRC value of the first (k-r) information bits. Therefore, a LDPC encoder corresponding to k-bit input block
includes two parts. The first is the (k-r) information bits and the second is the r-bit CRC polynomial. Note that this
novel encoding scheme suffers a penalty in rate, since the rate of our code is now (k-r)/n instead of the original rate
k/n. For this reason, an appropriate number of redundant CRC bits are very significant. With the increasing of the
number of CRC bits, the number of undetected errors decreases, which leads to better error-correcting performance.
It is worth noting that the number of CRC bits results in the decrease in code rate, which is an indicator of bandwidth
efficiency. Therefore, a balance between error-correcting performance and bandwidth efficiency exists.

The proposed BP decoder with improved perturbation is shown in Fig. 2 and the procedure can be described as
follows.

Step 1: Based on received bits Y, calculate the initial belief according to (1). Then choose log, L bits corresponding
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to smallest absolute values of initial LLR among the subset of all variable nodes which have highest degree. For
simplicity, we assume that log, L is an integer number satisfied with0 <log, L <n. Whenlog, L =0, the modified
decoding algorithm is equivalent to the original BP decoding algorithm.

The number of selected bits islog, L
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FIG. 2 MODIFIED DECODING WITH IMPROVED PERTURBATION METHOD

Step 2: Decoding received bits Y by LLR-BP algorithm which has been discussed in last section to get an output
codeword C.

Step 3: Check output C by the CRC sequence.

i If C has satisfied with the CRC sequence, stop decoding and take the output C as final decoding results which
is also of validity.

ii  Otherwise, go to step 4.

Step 4: Read the initial received signal Y and do certain changes to those bits which are selected in the step 1. In
more details, the change is performed as follows:
+o/—0 ieS§

LLR(yi'):{LLR(yi) others i=12,...n (6)

Here, we define S as the set whose elements are indexes of all chosen log, L bits. From (6), we can see that changes
occured to log,L selected bits resulting in L different cases of initial LLR value as
LLR,(Y),LLR,(Y),--,LLR (Y), i.e., L different decoding paths.

Step 5: Implement the LDPC decoding on LLR,(Y'),LLR,(Y’),---,LLR (Y') by conventional LLR-BP decoding
which has been discussed in last section. Among all LDPC decoding result Cl,éz,...CL, check the output of the
LDPC decoding C, (I =1,2,...L) by CRC sequence. If CRC sequence has been met by C,, choose C, as the final
single output of LDPC decoder; if none of é, satisfies the CRC polynomial, randomly choose a é, as the final
single output of LDPC decoder.

The reason we choose bits having smallest absolute values of initial LLR among the subset of all variable nodes
which have highest degree will be discussed concretely in this paragraph. Firstly, variable nodes with higher degree
will tend to their value more quickly. These nodes then provide good information to the check nodes, which
subsequently provide information to lower degree message nodes [15]. Thus, BP decoding of irregular LDPC codes
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brings about wave influence. Namely, if errors happen to higher degree variable nodes at the start, then variable
nodes having little smaller degree will be fault, and so on. Secondly, each bit’s initial LLR value is another
measurement of reliability. Bits with smaller absolute value of initial LLR are more sensitive to changes, and have
comparable reliability contribution compared to those having larger absolute value of belief [8]. Therefore, when we
make a criterion about what bits should be selected, we should take both degree of variable nodes and initial LLR
value into consideration.

Based on the fact that change initial LLR value of several bits can lead to different decoding results, the number of
selected bits should be appropriate. It is obvious that if the number of selected bits is too small to give a different
result, performance gain cannot be obtained. On the other hand, it is easily inferred that the complexity of proposed
decoding algorithm is L times than the complexity of conventional BP algorithm, if the number of chosen bits
islog, L. Since the number of selected bits directly decides the decoding complexity of the proposed BP decoder, a
balance between error-correcting performance and decoding complexity exists.

4 SIMULATION RESULTS

In this section, we demonstrate the error-correcting performance of short LDPC codes decoded by proposed BP
decoder through computer simulation. For LDPC codes with all code rates, we get the degree distribution pairs with
maximum variable node degree d, =4 by the density evolution technique [16] and design parity-check matrix by
progressive-edge growth algorithm [10], which has been widely adopted nowadays. The concatenation CRC-8 code
is generated by X® + X* + X*+ X2 +1. For proposed BP decoder with improved perturbation method, conventional
BP decoder and BP decoder in [8], the maximum iteration number is 80. In our simulation, the parameters of the BP
decoder in [8] are as follows: the number of the perturbed bits is 60 and the perturbation power is 0.3.

Fig. 3 and Fig. 4 display frame error rate (FER) performance of (128, 256) LDPC codes decoded by the proposed BP
decoder using improved perturbation method with path size L=32 over AWGN channel and uncorrelated Rayleigh
channel, respectively. FER performances of the LDPC codes decoded by the conventional BP decoder and modified
BP decoder in [8] are also presented for comparison. The number of re-decoding times of the modified BP decoder
in [8] is T. To compare our proposed BP decoder with BP decoder in [8] under exactly the same condition about
decoding complexity, it is apparent that when the value of re-decoding times T is equal to the value of path size L,
the decoding complexity of proposed BP decoder is also equal to the decoding complexity of the modified BP
decoder in [8]. As indicated in Fig. 3, LDPC codes decoded by proposed BP decoder with improved perturbation
method corresponding to L=32 shows nearly 0.25 dB gain of FER improvement over same LDPC codes decoded by
conventional BP decoder at FER=10"2 over AWGN channel. As for uncorrelated Rayleigh channel, Fig. 4 illustrates
that the FER gain can be achieved as nearly 0.5 dB at FER=10"7. Moreover, Fig. 3 and Fig. 4 both show that our
proposed BP decoder with improved perturbation method leads to better FER performance than BP decoder with
perturbation method in [8] with same decoding complexity.

FER performance of (192, 256) LDPC codes decoded by the proposed BP decoder with path size L=32 over AWGN
channel is shown in Fig. 5. Fig. 5 indicates that the proposed BP decoder can be also applied to LDPC codes with
higher code rate. For LDPC codes with higher code rate, our proposed BP decoder shows more advantages than BP
decoder in [8] in lower SNR. However, they can almost achieve same performance at FER=10".

Fig. 6 shows FER performance of (192, 256) LDPC codes decoded by the proposed BP decoder with different path
size L over AWGN channel. FER performance of the same LDPC codes decoded by the conventional BP decoder is
also presented for comparison. As can be seen in Fig. 6, the achieved FER performance gain increase with larger
value of path size L. LDPC codes decoded by proposed BP decoder with improved perturbation method
corresponding to L=8, 32, 128 show nearly 0.2 dB, 0.25 dB, 0.4 dB FER performance gain over same LDPC codes
decoded by conventional BP decoder at FER=107, respectively.

All simulation results show that the proposed BP decoder with improved perturbation method leads to better error-
correcting performance than that of LDPC codes decoded by conventional BP decoder with moderately higher
decoding complexity.
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5 CONCLUSIONS

In this paper, we proposed a novel BP algorithm with improved perturbation method aided by CRC. In the proposed
BP decoder, we selected some bits based on a criterion which combine the initial LLR value with variable node
degree. After do some changes to selected. bits as (7), we obtain L different decoding paths and decode all paths
simultaneously. CRC is used to make a choice among all L decoding results. More specifically, the decoding result
satisfied with CRC polynomial can be chosen as final output codeword. If there are no decoding results satisfied with
CRC polynomial, we randomly choose a decoding result as final output codeword. Therefore, there is always a
single output codeword when the proposed BP decoder finishes its decoding. Simulation results showed that BP
decoder with improved perturbation method can enhance the error-correcting performance of conventional BP
decoder with moderately higher complexity. In particular, for LDPC codes with same code length and code rate, our
proposed BP decoder can achieve better FER performance than decoding methods in [8] with same complexity.
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