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Abstract—A bit-flipping (BF) algorithm is a decoding algo-
rithm for LDPC codes that can be efficiently implemented by
electronic circuits. Although its error correcting performance
is rather poor, we show that a BF algorithm with bias terms
has good error correcting performance. We also introduce two
more parameters to improve the performance further. We also
propose a variant of candidate bit based BF (CBBF) algorithm
by introducing bias terms. We see that these algorithms having
bias terms exhibit very good error correcting performances.

Index Terms—low-density parity-check (LDPC) codes, bit-
flipping decoding, WBF decoding, CBBF decoding

I. INTRODUCTION

Low-density parity-check (LDPC) codes are linear codes
having very sparse parity check matrices. Iterative decoding
for LDPC codes using soft information, e.g. sum-product (SP)
algorithm, has very good decoding performance [1]. It was
shown by computer simulation that if the code length is very
long then the performance is very close to the Shannon limit.

There is a simple decoding algorithm called bit-flipping
(BF) decoding algorithm, which uses only hard information,
and therefore, it can be efficiently implemented by electronic
circuits. Since the algorithm does not use any soft information,
the performance of the algorithm is inferior to that of the SP
algorithm.

Although, a weighted BF (WBF) algorithm can be regarded
as a variant of the BF algorithm [7], the WBF algorithm uses
not only hard information but also soft information during its
decoding process.

A quantized modified bit-flipping (QMBF) is also a variant
of the BF algorithm [3]. In the algorithm, if a received signal
is relatively close to 0, a bit corresponding to the signal is
considered to be unreliable. Thus, a bias term is added to a
value which is used in making a decision to flip the bit. It has
been shown that the performance of the algorithm is rather
better than that of the BF algorithm.

A candidate bit based bit-flipping (CBBF) algorithm is a
variant of the BF algorithm [4]. In the algorithm, the reliability
of a parity check equation is calculated in addition to the
reliability of each bit. The error correcting performance of
the CBBF algorithm is also better than the BF algorithm.

In this paper, two decoding algorithms with bias terms are
proposed and it is shown that these algorithms are better than
the original algorithms having no bias terms.
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II. BF DECODING ALGORITHM AND ITS VARIANTS

The BF algorithm is very simple but has a poor perfor-
mance. Therefore, many variants of the algorithm were pro-
posed to design decoding algorithm with moderate complexity
and better performance than the BF algorithm.

Decoding algorithms which we propose here are applied to
the binary Gaussian channel with inputs of +1 and additive
noise.

Let H be a parity check matrix of an LDPC code of size
M x N. In this study only regular LDPC codes are used.
By j, we mean the column weight. Let y = y1y2 - vy be
a received signal. Then, a received word z = 21222y 18
defined by

otherwise,
fort=1,2,...

A. BF Decoding Algorithm

A typical BF algorithm is given as follows. The follow-
ing algorithm is called a maximum detection bit flipping
algorithm. It should be noticed that only integer operations
are required and therefore the algorithm may be efficiently
implemented by an electronic circuit.

The variables used are as follows: [ is a count for iteration,
lmax 1S the maximum number of iterations, B is a threshold
for the termination condition of the algorithm, v is a temporal
code word, and v’ is a code word for the next iteration. A
symbol “«” is used to signify a substitution from the right-
hand side to the left-hand side.

Step0: | — 0, v+« z.

Stepl: Calculate syndrome s = $1, S2,...,8) «— vHT; If

s = 0, then the algorithm terminates.

Step2: Calculate e,, by
6” — Z S'HL'

meM(n)

Step3: If max;e; < B, then the algorithm terminates,
where B is usually set to [j/2].
Step4: Flip all bits v; with e; = maxy, e;, and

l—1+1.

Let v’ be a vector obtained by flipping bits.
Step5: If | > lax, then the algorithm terminates.
Step6: v « v’ and go to Step 1.
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The number e, calculated in Step 2 is the number of
unsatisfied check equations including n-th bit. Therefore, if
en 1s large, then the n-th bit may be incorrect with high
probability.

At Step 4 we can employ a different criterion for finding bits
to be flipped. For example, the following step can be possible,

Step4’: Flip all bits v; with e; > § and [ — [ + 1,
where § is a predefined integer.

The Step 3 is well defined only for regular LDPC codes. If
H is not regular, B may depend on column.

If the number of error bits in a received code word is small
enough, then the error bits may disappear as the algorithm
proceeds.

B. Weighted bit-flipping (WBF) algorithm

A weighted bit-flipping (WBF) algorithm is an iterative
decoding algorithm that is a variant of the BF algorithm[7].
The algorithm invokes floating point arithmetic operations
during iterations.

Step 0: | «— 0 and v « z.

Step 1: Calculate syndrome s = s3S9--- 5y «— vHT. If

s =0 or | > lyax, then the algorithm terminates.
Step 2: Calculate y;; by

y:gin(_ min |yn| form:l,...,M.
neN(m)

Step 3: Calculate F,, by
E, — Z (2s, — Dy, forn=1,...,N.

Step 4: Flip all bits v,, with E,, = max;—1_. n E;. Let v’
be the resulting code word.
Step 5: [+ [+ 1 and v < v’. Go to Step 1.

C. OMBF Decoding

QMBF algorithm is a decoding algorithm based on the BF
algorithm with bias terms [3]. Since it is very similar to the
BF algorithm, only differences between them are given in the
following.

Before iterations, bias terms are calculated. Hence Step 0
is modified as follows.

Step 0’: [l < 0, v « Z and define 3, by

T?
n —
e |

where r is an integer and « is a positive real number.
Step 2 is modified as follows:

if [yn| < a,
otherwise,

Step 2’: Calculate e,, by
€n Z Sm + Bn-

meM(n)

In this algorithm, (3, reflects the reliability of y,,. If |y,,| is
small then it means y,, contains much noise. Therefore we do
not believe the value y,,.

Fig. 1 shows the distribution of an output of a binary
bipolar channel. If |y,| < « then it can be assume that the
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amplitude of a noise is relatively large. Hence by adding 7 to
2 meM(n) Sms Un is flipped more likely.

This idea is different from the BF algorithm and the SP
algorithm. In QMBEF the initial belief about a received signal
has a strong influence on deciding bits to be flipped during
the whole process for decoding. In the BF algorithm and the
SP algorithm the initial belief about the input signals will
disappear as the algorithms proceed.

0.5 |-

Bias term is added

0.4
Density of y,

0.3

Density when

0.2 | -1is sent

Probability Density of y,,

Density when
+1is sent

0.1 |-

. .
-5 -4 -3 -2 -1 0+ 1 2 3 4 5
Recieved Signal y,

Fig. 1. « and distribution of yy,

D. CBBF algorithm

A candidate bit based bit-flipiing (CBBF) decoding algo-
rithm is also a variant ot the BF algorithm [4]. The algorithm
has a new parameter 6 > 0 which is an integer valued
threshold for decision on candidate bits. The procedure of the
algorithm is given as follows:

Step0:
Stepl:

l«—0and v « z.

Calculate syndrome s = s1,...,sy «— vHT. If
s = 0, then terminate the decoding procedure.

Calculate u; fori=1,2,...,N

U; = E Sm-

meM (i)

Step2:

(u; is the number of unsatisfied parity check equa-
tions including the i-th bit.) If w; > J, then v; is
marked as a candidate bit for bit-flipping.

Find uyayx = max; u;. If Uye, < §, then terminate
the decoding procedure.

Let ¢,,, be the number of candidate bits included in
the m-th parity check equation and calculate w,, =
Cm—1form=1,2,..., M.

Step3:

Step4:

StepS: For i =1,2,..., M with u; = umax, calculate r;
by
r, = Z W -
meM (i)
Step6: Flip all bits v; with r; = min; r; and u; = Umax.

Let | «— [ 4+ 1. If | > lyax, then terminate the
decoding procedure. Go to Step 1.
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At Step2, u; is calculated as well as the BF algorithms. At
Step4, w,, is calculated based on w,. This is one of main
differences between BF and the CBBF. This value may mean
the reliability of the m-th parity check equation. If w,, is
large, then it means the m-th parity check equation contains
many candidate bits for flipping, and hence, the reliability of
the equation may be low because the equation may tell us
nothing about bits to be flipped.

At Step5, r, is calculated by summing w,, up for m €
M (n). Smaller r,, means that v,, is included in more reliable
parity check equations. Therefore, if u,, = upax and r, =
Tmin then it means that v,, is included in many unsatisfied but
reliable parity check equations.

ITII. PROPOSED DECODING ALGORITHMS
In this section two decoding algorithms are proposed,

QMBF with two parameters and CBBF with bias terms.

A. QMBF2

A variant of QMBEF, called QMBF?2, is given in this sub-
section. In QMBF2, 3/, is used in Step 2 instead of 3,:

1, if 0 < |yn| < a1,
By, =112, ifoq <lyn| < a2,
0, otherwise,

where 71 > 7o and o7 < «o. Parameters «; and «o are
positive real values which correspond to o in QMBFE.

In QMBEF2, two different bias terms are used. Since o <
g, if |y,| < a1, then y,, can be considered to be less reliable.
Hence, for the case |y,| < a1, B, is set to r1 so that z,
is flipped more likely in iteration steps for bit-flipping. It is
expected that the performance of the modified algorithm may
be better because bias terms are defined more precisely. Fig. 2
shows this idea.

0.4 T T T T T T T

Region for B, = 1

03k Region for B, =2

Probability Density of y,
o
N
T

0.1

-5 -4 -3 -2 SOy -0 Oy Ol 2 3 4
Received Signal y,

Fig. 2. a1, a2 and Distribution of yy,

ISBN 978-89-5519-146-2

- 115 -

B. CBBF with bias terms(QCBF)

Bias terms are also introduced to CBBF and the resulting
algorithm is called QCBF.

At the first step of the algorithm, the following bias terms
are calculated forn =1,2,..., N:

/r?
-
At Step 2 of CBBEF, u; is calculated as follows:

u; = f; + Z Sm-

meM (i)

if lyn| < a,
otherwise.

The bias terms are introduced according to the same idea
explained in the previous subsection. Since bits with bias terms
may be flipped with high probability, it can be expected that
the error correcting performance will be improved as well as
the QMBE.

IV. COMPLEXITY AND PERFORMANCE OF PROPOSED
ALGORITHMS

Although the proposed algorithms need calculations for bias
terms, calculations needed for the bias terms are virtually
comparisons. A circuit implementing the algorithm needs extra
memories for bias terms. However, it should be noticed that
the values are only small integers which can be represented
by 1 or 2 bits. Since the bias terms are constant during
the decoding operation, it is expected that the bit-flipping
algorithms are easily implemented by electronic circuit and
that the algorithms process received signals as quickly as
original algorithms.

Since decoding algorithms based on the BF algorithm
except for WBF algorithm use no soft information during
their decoding processes, the error correcting performance is
inferior to SP but the complexity of BF algorithms are very
low.

Although CBBF uses no soft information during decoding
process, CBBF calculates reliabilities of parity check equa-
tions. Therefore, it can be said that CBBF is more complex
than QMBEF. Since WBF uses soft information during decoding
process, WBF is more complex than CBBF.

The following inequalities summarize these observations

|about complexity: SP >> QCBF ~ CBBF > QMBF2 >

QMBF > BF. The comlplexities of QMBF and QMBF2 are
almost the same. However, their error correcting capabilities
are different.

V. SIMULATION RESULTS

In this section simulation results of the decoding algorithms

|are given.

For each algorithm we repeat the decoding procedure util
we obtain 500 error bits, where the maximum number of
repetitions of simulation is 10,000,000.

Three LDPC codes in the MacKay’s database[5] were
used, 1057.244.3.353,1057.244.4.360,4095.737.3.101. These
code are called LDPC(M1), LDPC(M2) and LDPC(M3), re-
spectively. A code constructed by the progressive edge growth
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algorithm [6] was also used. The code rate of the code is 0.5
and is called LDPC(P).
Parameters of these codes are given in Table I.

TABLE I
PARAMETERS OF CODES

[ Code [ length | rate | col. weight ]
LDPC(M1) 1057 | 0.77 3
LDPC(M2) 1057 | 0.77 4
LDPC(M3) 4095 | 0.82 3
LDPC(P) 2000 0.5 4

In the following, opt means that optimized parameters are
used.

A. Optimization of parameters

1.0E-01 T T T T T T T T T

10602 |

1.0E-08

1.0E-04

BER

1.0E-05

!

1.0E-06 - - E

1.0E-07 4

0.6 0.7 0.8

Fig. 3. Optimization of o for QMBF
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~--%-- LDPG(M3) :3=2, SNR=5.0

&-- LDPC(P) :8=2, snr=5.0
h i ! . . . . . .
0 0.1 0.2 03 04 05 06 07 08 0.9
o

Fig. 4. Optimization of ¢ for QCBF

Parameters of proposed decoding algorithms are optimized
based on simulation results. The criterion for optimization is a
BER performance at some SNR. These values of SNR depend
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on codes and decoding algorithms. In Table II SNR is shown
for each pair of a code and a decoding algorithm.

TABLE 11
SNR FOR PARAMETER OPTIMIZATION

l [ QMBF | QMBF2 | QCBF |

LDPC(M1) 5.0 5.5 6.0
LDPC(M2) 5.0 5.0 5.5
LDPC(M3) 5.0 5.0 5.0
LDPC(P) 5.0 4.5 5.0

Parameter o of QMBF was optimized as follows. The BER
performances were calculated for « = 0.1,0.2,...,1.5, and
then, the best value was chosen with respect to BER for
each code. The parameters a; and as for QMBF2 were
optimized as follows. The BER performances were calculated
for ¢y = 0.1,0.2,...,1.2 and a2 = 0.1,0.2,...,1.5 and
then the best tuple was chosen with respect to BER for each

4 code. The parameter 6 of CBBF was also optimized. The BER

performance was calculated for § = 0,1, ..., j(j is the column

4 weight) and then the best value was chosen with respect to

BER. Parameters « and § of QCBF were optimized over pairs
(6,) for § =0,1,2,3 and « = 0.1,0.2, ..., 1.5.

Optimized parameters for each decoding algorithm are given
in Table III where [, is the maximum number of iterations
in a decoding procedure and B is the threshold for termination
of algorithm.

TABLE III
PARAMETERS OF CODES

« r ) Imax B
BF 45 | 141
QMBF | optimized 1 45 [2]
QMBF2 | optimized | (2,1) 45 [2]
CBBF - - optimized 45 -
QCBF optimized | (2,1) | optimized 45 -

The maximum iteration number of WBF and SP are 45 and
10, respectively. In the table, symbol “-” means there is no
parameter for a decoding algorithm corresponding to the row.

B. Simulation results

Fig. 5, Fig. 6, Fig. 7 and Fig. 8 show simulation results
for LDPC(M1), LDPC(M2), LDPC(M3) and LDPC(P), re-
spectively. From these result, decoding algorithms are ordered
according the the BER performance.

LDPC(M1)

QMBF2 > QCBF > QMBF > WBF ~ CBBF
LDPC(M2)

QCBF > QMBF2 > QMBF > WBF > CBBF
LDPC(M3)

QMBF2 > QMBF > QCBF > CBBF > WBF
LDPC(P)

QMBF2 ~ QMBF > QCBF > CBBF ~ BF > WBF

It can been seen that QMBF is superior to BF for all four
codes. Differences are 1.7db, 1.2db, 1.9db, and 1.0db at BER
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1.0 for codes LDPC(M1), (M2), (M3) and P, respectively.
It should be noticed that the amplitude of improvement by
adding bias terms for LDPC(M3) is larger than those for
LDPC(M1) and LDPC(M2). This may imply that longer codes
will gain larger improvement.

For all codes the BER performance of QMBF2 is better
than that of QMBF. Differences are 0.5db, 0.4db, 0.2db and
0.2db at BER 1.07?, for codes LDPC(M1), (M2), (M3) and P,
respectively. This may imply that a careful design of bias terms
may result further improvement of performance for LDPC
codes with large column sums.

For all codes the BER performance of QCBF is better than
that of CBBF. Differences are 1.1db, 1.5db, 1.0db and 0.8db
at BER 1.07° for LDPC(M1), (M2), (M3) and P, respectively.

QMBF and QMBF2 are superior to WBF for all four codes.
It should be noticed that WBF is more complex than QMBF
and QMBF2.
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VI. SUMMARY

A modified bit-flipping algorithm with bias terms (4 param-
eters) has been proposed (QMBF2). A CBBF with bias terms
(QCBF) has also been proposed. It has been shown that both
of them have better error correcting performances than original
algorithms.

These results may show that it is important to keep the initial
belief about received signals during decoding operations. We
may apply this idea to other decoding algorithms.
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