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Abstract—In this paper, we propose a scheduling method
of the shuffled BP decoding algorithm for punctured LDPC
codes. The number of iteration required to recover whole
punctured variable nodes in the standard BP decoding
algorithm is increased with the nubmer of punctured variable
nodes. However, only one number of iteration is required
in the proposed shuffled BP scheduling regardless of the
puncturing algorithm and the number of punctured variable
nodes. Furthermore, the proposed shuffled BP scheduling can
improve the reliability of the unpunctured variable nodes
at the 1st iteration, while impossible in the layered BP
scheduling [5] if there are no check nodes that only unpunc-
tured variable nodes participate. Simulation results verify
that the proposed shuffled BP scheduling has comparable
performance to the layered BP scheduling [5] in spite of its
smaller number of scheduling group at rate below 0.9.

Index Terms—LDPC(Low Density Parity Check) Codes;
Shuffled BP(Belief Propagation) Decoding; Puncturing;
SR(Step-Recovery);

I. INTRODUCTION

Increasing demands for high data rate in wireless
communication services require advanced techniques that
enable reliable link connections and efficient processes
for both system and mobile. One of the techniques in
error-control coding area is LDPC (Low Density Parity
Check) codes, which were invented in early 1960s by
Gallagar [1] and rediscovered by Mackay [2] in 1999.
LDPC codes have been widely studied in recent years
because of their powerful error-correcting capability and
low decoding complexity compared to Turbo codes[8].

There are several algorithms to decode LDPC-encoded
codewords. Among them, the standard belief propaga-
tion (standard BP) decoding algorithm [2] is the most
conventional decoding algorithm for LDPC codes. The
standard BP algorithm updates the check nodes and the
variable nodes simultaneously in parallel way. By its
parallel mechanism, the standard BP algorithm requires a
lot of decoding iteration for the convergence of decoding.
In addition, if puncturing is applied to a codeword, the
number of iteration for the convergence of decoding is
increased more and more with the number of punctured
variable nodes.

To enhance the convergence speed of the standard BP
algorithm, some BP-based decoding algorithms operated
in serial ways are suggested. The shuffled BP decoding
algorithm [3] is one kind of serial decoding algorithm to
decode LDPC codes that is based on a serial update of
variable nodes. The layered BP decoding algorithm in [4]
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is also using a serial scheduling based on a serial update
of check node. However, in [3], only a natural scheduling,
which is based on a natural increasing order, is applied
for the shuffled BP decoding, and, in [4], no specific
scheduling method is mentioned.

In [5], scheduling algorithm using the layered BP de-
coding algorithm is proposed for RCP-LDPC (rate com-
patible punctured LDPC) codes. The layered BP schedul-
ing algorithm in [5] sort check nodes by related punc-
tured variable nodes and thus accelerates the decoding
convergence. The scheme, however, cannot update the
unpunctured variable nodes at the 1st iteration if there are
no check nodes in which only unpunctured variable nodes
participate.

In this paper, we propose a scheduling method of
the shuffled BP decoding algorithm for punctured LDPC
codes. The proposed shuffled BP scheduling generates
scheduling groups by the level of recoverability of each
variable node, so only one number of iteration is required
to recover whole punctured variable nodes. Furthermore,
the proposed shuffled BP scheduling can improve the re-
liability of unpunctured variable nodes at the 1st iteration,
while impossible in the layered BP scheduling [5] if there
are no check nodes in which only unpunctured variable
nodes participate.

The paper is organized as follows. In Section II, we
present the iterative BP decoding algorithm including the
shuffled BP decoding algorithm. The proposed shuffled
BP scheduling algorithm and its properties are given
in Section III. Section IV shows computer simulation
results of the proposed shuffled BP scheduling and other
conventional BP decoding schemes, and Section V make
conclusions.

II. ITERATIVE DECODING ALGORITHM

Consider a binary (N, K') LDPC code of length N with
parity check matrix H = [H,,,,]. The number of variable
nodes and check nodes are N and M (= N — K), respec-
tively. We denote the set of bits that participate in check
m by N(m) = {n : Hy, = 1}, and the set of checks
in which bit n participates as M(n) = {m : H,,,, = 1}.
Assume a codeword W = {wy, wa, - -+, wy } is transmitted
over an additive white Gaussian noise (AWGN) channel
with zero mean and variance Ny /2 using binary phase shift
keying (BPSK) signaling, and let ¥ = {y1, y2,¥3, -+, YN }
be the corresponding received sequence.
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A. Standard BP Decoding Algorithm

Let L,, be the log-likelihood ratio (LLR) of variable
node n and initially set L, = (E,/N,) - 4yn. Let &,
and 2! . be the LLRs of variable node n which is
sent from check node m to variable node n, and sent
from variable node n to check node m, respectively.
Let 2 denote the a posteriori LLR of variable node n.
Then the standard BP algorithm can be written as follows:

Initialization: Set 7 = 1, and the maximum number of
iteration to I,,4.. For each m, n, set z?,m =L,.

Step 1)
a) Horizontal step, for 1 < n < N and each m € M(n),
process
P = H tanh(zf;ll,/Q) (1)
n’€N(m)/n
b) Vertical step, for 1 < n < N and each m € M(n),
process
Zinn = L”L + Z 6inn (3)
m’eM(n)/m
Z’fb = L" + Z Eirm (4)
m’e€M(n)

Step 2) Hard decision and stopping criterion test.

a) Create W' = [@!] such that @! = 0 if 2! > 0, and
!, = 1 otherwise.

b) If HW® = 0 or i = I,,,4z, stop the decoding iteration
and go to Step 3). Otherwise, set + = ¢+ 1 and go to Step
1).

Step 3) Output W' as the decoded codeword.
B. Shuffled BP Decoding Algorithm

Assume that N bits of a codeword are divided into
G group, and each scheduling group Sy(1 < g < G)
G
contains N, bits such that > N, = N and S, NS, =0

g=1
if @ # b. Then each decoding step of the shuffled BP
algorithm is carried out as follows:

Initialization: Set 7+ = 1, and the maximum number of
iteration to I,,,.. For each m, n, set z?,m =L,.

Step 1) For 1 < g < G, process jointly the following
two steps.
a) Horizontal step, for n € S, and each m € M(n),
process
Tonn = [1

n’€N(m)/n,n’'€ U Sk

tanh(z? ,/2)

k<g
I1 tanh(z'" 1 /2) ©)
n’€N(m)/n,n’€c U Sk
k>g

Eirm = log[(l + Tfrm)/(l - rinn)] (6)

b) Vertical step, for n € S, and each m € M(n),

process
Yo (7)

m’eM(n)/m

2t =L, + Z g ®)
m’eM(n)
Step 2) Hard decision and stopping criterion test.
a) Create W' = [@!] such that @ = 0 if 2! > 0, and
¢, = 1 otherwise.
b) If HW® = 0 or i = I,,,4, stop the decoding iteration
and go to Step 3). Otherwise, set ¢« = ¢+ 1 and go to Step

1).
Step 3) Output W' as the decoded codeword.

If G = 1, the shuffled BP decoding algorithm becomes
the standard BP decoding algorithm. The layered BP
decoding algorithm is similiar to the shuffied BP decoding
algorithm, except that scheduling is performed based on
the check nodes, instead of the variable nodes.

III. THE PROPOSED SHUFFLED SCHEDULING
ALGORITHM

A. The Proposed Shuffled BP Scheduling Algorithm

Consider a punctured LDPC codeword with the number
of punctured variable nodes is P. Decoder sets the initial
LLR of the punctured variable nodes as zero since there is
no priori information about the punctured variable nodes
from the channel. If some variable nodes including punc-
tured variable nodes have zero LLR during the iterative
decoding process, it cannot update the other variable nodes
participate in checks in which the punctured variable nodes
participate. In other words,

i = =0if 21 =0,n" € N(m)/n 9)

mn

If a punctured variable node is getting nonzero LLR for
the first time at ¢th iteration, we refer it as a punctured
variable node is recovered, and the variable node is called
i — S R(step-recoverable) variable node. (Or equivalently,
the level of recoverability of the punctured variable node
is 7). From (9), we can define 7 — SR variable node of the
standard BP decoding algorithm as follows:

SRpp(n)=iif 2o 1 =0& 2L #0 0’ € N(m)/n (10)
We can define Lgp as
(11)

Lpp represents the number of iteration required to
recover whole punctured variable nodes in the standard
BP decoding algorithm, and it is varied by puncturing
algorithm and P. Usually Lpp is incresed with P.
During the iterative decoding process, if some of the
punctured variable nodes are not recovered before the
current decoding process, then the set of checks in which
unrecovered variable node n participates cannot take part
in the current decoding process for the nonzero-LLR
variable nodes. Therefore, if we apply the standard BP
decoding algorithm at the decoder, large Lpp causes huge

LBP = max(SRBp(n)), 1 <n< N
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Fig. 1. The recovering process of punctured variable nodes (a) After
initialization step (b) the Ist and the 2nd iteration of the standard BP
algorithm (c) the decoding process of S1(1 — SR) and S2(2 — SR) in
the proposed shuffled BP scheduling at the 1st iteration

performance degradation, especially when the maximum
number of iteration is small.

Let SRsp(n) be the level of recoverability of the
punctured variable node n in the shuffled BP decoding
algorithm. Then SRgp(n) can be written as follows:

SRsp(n)=1iif 2271 =0

and 2t ., # 0 for n’ € N(m)/n,n’ € | Sk
) k<g

and z'-1 # 0 for n’ € N(m)/n,n’ € |J Sk

mn/’
k>g

12)

From (12), we can notice that the maximum SRgg (n),
Lgpy, can be varied not only by the puncturing algorithm
and P, but also by the scheduling method. Therefore,
if we apply the appropriate scheduling algorithm which
considers the recovering properties of punctured variable
nodes, we can reduce Lgy and thus accelerate the
convergence of decoding. From (10) and (12), we can
easily know the following two properties:

Property 1: SRsp(n) = SRgp(n) if SRpp(n) =0
or 1.

Property 2: When the shuffled BP decoding algorithm
is apply to the decoder, a variable node n with
SRpp(n) = iin Sy is recoverable at the decoding process
of S, if variable node k with 1 < SRpp(k) <i—1 are
already recovered.
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Fig. 2. The update process of the unpunctured variable nodes during
the Ist iteration (a) After initialization step (b) the layerer BP scheduling
from [5] (c) the proposed shuffled BP scheduling

Using these properties, we can minimize Lgp, the
number of shuffled BP decoding iteration required
to recover whole punctured variable nodes, to one,
regardless of Lpp and P. The proposed shuffled
scheduling algorithm to minimize Lgy to one is
summarized to the follows:

for variable node n (1 < n < N),
if SRpp(n) =1i(#0), assign to S;
elseif SRpp(n) =0, assign to Sr,p+1

13)

Fig. 1 represents the comparison of the recovering
process for a punctured LDPC codeword between the
standard BP decoding algorithm and the proposed shuffled
BP scheduling algorithm. By its well-designed schedul-
ing nature, the proposed shuffled BP scheduling requires
only one number of iteration to recover whole punctured
variable nodes in contrast to the standard BP algorithm
requires Lpp iteration. Note that if P = 0, the proposed
shuffled BP scheduling becomes the standard BP algo-
rithm.

In the proposed shuffled BP scheduling algorithm
the 0-SR (unpunctured) variable nodes are included to
the last scheduling group. When we decode a received
codeword using the shuffled BP decoding algorithm, the
reliability of the variable nodes in Sj is increased as k
is increased since more independent information is used
to update the messages [3]. And, in the proposed shuffled
BP scheduling, after the decoding process of S, (i = 1)
whole punctured variable nodes are recovered. Thus, only
assigning the 0-SR variable nodes to S, + 1 can pass
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the messages from whole punctured variable nodes to the
0-SR variable nodes when 7 = 1.

B. Comparison with the Layered BP Scheduling [5]

In [5], scheduling algorithm using the layered BP de-
coding is proposed for RCP-LDPC (rate compatible punc-
tured LDPC) codes. The layered BP scheduling algorithm
in [5] sorts check nodes by related punctured variable
nodes and thus accelerates the decoding convergence.
The main differences between the proposed shuffled BP
scheduling and the layered BP scheduling [5] can be
summarized to the follows. First, the layered BP decoding
algorithm is based on a serial update of check node,
while the shuffled BP decoding algorithm is based on
a serial update of variable nodes. Second, the layered
BP scheduling observes the levels of recoverability of
the punctured variable nodes at the highest considered
code rate and applied to all considerable code rates, while
the proposed shuffled BP scheduling focuses on currently
applied puncturing.

The advantage of the proposed shuffled BP scheduling
over the layered BP scheduling is in the decoding process
of the 0-SR variable nodes when ¢ = 1. Regardless of
puncturing algorithm and P, the proposed shuffled BP
scheduling always updates all (N — P) 0-SR variable
nodes during the 1st iteration because of bit-wise schedul-
ing nature of the shuffled BP decoding. In contrast to
the proposed shuffled BP scheduling, by its check-wise
scheduling nature, the layered scheduling must have the
set of check nodes in which only 0-SR variable nodes
participate in order to update the 0-SR variable nodes dur-
ing the 1st iteration. However, since the most puncturing
algorithm is based on uniform puncturing which does not
allow the overrap of check nodes as many as possible
between two punctured variable nodes, the number of
check in which only 0-SR variable nodes participate is
rapidly decreased as P is increased. Especially, if P
exceeds a certain threshold 7T, there exists no check node
in which only 0-SR variable nodes participate. In this case,
it is impossible to update the 0-SR variable nodes during
Ist iteration in the layered BP scheduling. Note that 7" is
almost same as the number of check nodes divided by the
sum of degree of the punctured variable nodes.

In Fig. 2, the update processes of the unpunctured
variable nodes during the Ist iteration are shown. The lay-
ered BP scheduling algorithm in Fig. 2-(b) cannot update
the 0-SR variable nodes since there exist no remaining
scheduling group after recovering of variable node b3. In
contrast to the layered scheduling algorithm, the proposed
shuffled scheduling algorithm can update the 0-SR variable
nodes bl and b2 after recovering of variable nodes b3
because of its bit-wise scheduling nature.

IV. SIMULATION RESULTS

To verify the performance of the proposed shuffled BP
scheduling, we consider an LDPC mother code from [6]
with a code rate R = 0.5 and N = 1152. The mother code is
punctured using the algorithm from [7]. Maximum number
of decoding iteration is set to 8. We compare the proposed
shuffled BP scheduling with the case of the standard BP
algorithm, the layered BP scheduling[5], and the natural

shuffled BP scheduling [3]. The number of scheduling
group for each decoding scheme is described in Table 1.

Fig. 3 shows the simulation results for the average FER
(frame error rate) over an AWGN channel with BPSK sig-
naling. We can recognize that the performance gain of the
proposed shuffled BP scheduling over the other schemes
is increased as P is increased. The layered BP scheduling
shows the best performance among the decoding schemes
when 7 = 0.6. When r = 0.7, the layered BP scheduling
still shows the best performance, but the performance
gap to the proposed shuffled BP scheduling is extremely
small. When r = 0.8 and 0.9, the proposed shuffled BP
scheduling achieves the lowest FER and the performance
gain over the layered scheduling is 0.2dB and 0.4dB,
respectively. Note that if 7 # 0.9, the number of scheduling
groups in the proposed shuffled BP scheduling is smaller
than the number of scheduling groups in the layered BP
scheduling and the natural shuffled BP scheduling. In
Fig. 4, we compare the required E}/N, values of each
decoding scheme for a FER of 1072 when P = 512
bits and r = 0.9. Horizontal axis in Fig. 4 represents
the maximum number of iteration. When the maximum
number of iteration is set to 4, the performance gain of
the proposed shuffled BP scheduling over the layered BP
scheduling is around 1.2dB. The performance gain over
the layered BP scheduling is then reduced as the maximum
number of iteration is increased.

V. CONCLUSION

In this paper, we propose a shuffled BP scheduling algo-
rithm for punctured LDPC codes. The proposed algorithm
requires only one number of iteration to recover whole
punctured variable nodes, regardless of the puncturing
algorithm and the number of punctured variable nodes.
In addition, the proposed shuffled BP scheduling can
update the unpunctured variable nodes during the 1st
iteration which may be impossible in the layered BP
scheduling [5]. Simulation results show that the proposed
shuffled BP scheduling outperform the standard BP de-
coding algorithm and the natural shuffied BP scheduling
[3], and shows comparable performance to the layered BP
scheduling in spite of its smaller number of scheduling
group at rate below 0.9.
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