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We study the decoding performance of low-density parity-check (LDPC) code based on Watermark scheme
under different percentages of water-mark bits over 100 Gb/s differential quadrature phase shift keying
(DQPSK) high-speed optical communication system. We also find the optimum percentage of water-mark
bits according to the performance comparison. Simulation result shows an improvement of 0.5 dB net code
gain by using the optimum Watermark scheme at a post-forward error correction bit error rate (BER) of 107,
comparing with the traditional log-likelihood ratios belief propagation decoding algorithm. Also, for the same
BER, there is a decrease in the number of iterations used in LDPC decoding.
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In order to meet the rapid development of channel
capacity of optical communication™?, multilevel modu-
lation and multiplexing technology have been widely
studied®?. With the increasing complexity of optical
communication system, crosstalk between codewords
becomes apparent®. Therefore, advanced forward error
correction (FEC) codes are becoming more and more
important for high-speed optical communication system!™.
Among various kinds of FEC codes, low-density par-
ity-check (LDPC) code proposed by Gallager in 1962
was proved to have outstanding error correction
performancel'™"l. In recent years, several schemes of
LDPC have been proposed to get better error correc-
tion performancel'>4,

However, the algorithms proposed in the above lit-
erature and the traditional LDPC algorithm do not
consider the interactions among adjacency codewords
by the channel knowledge. Obviously, neighbor codes
received have certain relativity due to the increasing
complexity of the optical transmission channel. We pro-
pose a new modified LDPC scheme which can extract
the channel knowledge by involving priori characteristic
bits in the original LDPCI. In this letter, we study the
problem of how the density of water-mark bits affects
the performance of Watermark scheme. We elaborate
on the Watermark scheme and deduce the correspond-
ing formula. We study the decoding performance of
four typical proportions of water-mark bits, and then
we compare the performance of the optimum scheme
with the traditional one.

Log-likelihood ratios belief propagation algorithm
(LLR-BPA) is the most commonly used iterative
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decoding algorithm of LDPC and Fig. 1 shows its itera-
tive process. From Fig. 1, we know that in the process
of LLR-BPA, initial information is an important factor
which can affect the decoding performance of the algo-
rithm. The LLR vector of initial information is denoted
by L(Q), the initial value of L(Q) is denoted by L(P),
and L(P) =1In(P(0)/P(1)). We calculated the L(Q,) vec-
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Fig. 1. Process of BP iteration decoding.
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channel. The amplified spontaneous emission noise is
assumed to be the dominant transmission noise in opti-
cal channel, and it can be simulated by the additive
white Gaussian noise (AWGN) channel model.

Under the AWGN channel model, the priori condi-
tional probability density formula is

exp (——(y _f)zj. (1)

20

o, = )=
2no
According to the mathematical relationship between
prior and posterior probabilities, assuming the prob-
abilities of both =0 and [ =1 are 1/2. The posterior
probability can be expressed as

Pla, = aly) = —————. @)

(1+ exp(—2zy/c”))

When [ =1, z, =41, or [ =0, z, = -1 LLR vector can
be stated as

L(Q,) = ~2y/". (3)
In an optical communication system, the code rate R
and signal-to-noise ratio (SNR = E,/N,) is fixed, then
the standard deviation o is a constant.
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In order to meet the increasing complexity of the optical
communication channel, Watermark scheme is designed
to have the capability to extract channel information.
So, we can expect the performance of this scheme to
improve greatly. In this scheme, we insert some fixed
value bits (water-mark bits), such as “0” into the origi-
nal LDPC codewords uniformly, so that we can obtain
new codewords. Then, the new codewords are trans-
mitted through the communication channel and we
receive them at the end of the receiver. Due to the
effect of noise in channel, some error codes appear in
the received code. The process of inserting water-mark
bits and extracting them is as shown in Fig. 2.
According to the relativity among the neighbor code-
words, if the corresponding water-mark bit received is
correct, it is reasonable to guess that the performance
of the optical channel is well at least in a small neigh-
borhood around the water-mark bit, and the probability
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Fig. 2. Process of watermark bits insertion and extraction.
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Fig. 3. Curve of o(n).

of correction of the adjacent codewords is bigger. In
contrast, if the water-mark bit received is wrong, it is
reasonable to guess that the performance of the channel
is worse around the Water-mark bit, and the probabil-
ity of correction of the adjacent codewords is smaller.
These assumptions can be described as

aln)=o0- (Z :1:(7,')67'1("7“7)2 + 1], n=(12..,10), (5)

i=1
where z(4) is defined as

. —1, the water-mark bit is correct
a(i) =

(6)

and n is the index number of bits in the received code-
words, 7 is the interval between each water-mark bit,
[ is the length of original codewords, and the integer
division of (Il/r) is the number of water-mark bits.
Figure 3 shows the curve of the new . By the definition
of a(n), we know that the influence involved by water-
mark bits changes with interval z. When 7 is too big,
the change in ¢ will be too small and its influence on
initial information may not be enough. However, when
7 is too small, ¢ will be too sensitive to the large num-
ber of water-mark bits. Meanwhile, parameter a is also
an important factor in this scheme. It determines the
influence region of each water-mark bit to a(n). If a is
too big, one water-mark bit can affect a few codewords.
Otherwise, if a is too small, overlapping effect will be
produced. Hence, with larger interval 7, the modified
factor a should be smaller to get the optimum perfor-
mance and when 7 is smaller, the value of a should be
set bigger. In the following the effects of parameters ¢
and a are also considered.

Figure 4 shows the generation of bit sequence, LDPC
encoding and decoding, the differential quadrature phase
shift keying optical modulation, and direct detection.
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Fig. 4. Simulation platform of optical communication system.
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Table 1. List of Parameters for Different Percentages
of Water-mark Bits

Percentage of 0.78 1.56 3.12 6.25
Water-mark Bits

Interval 7 (bit) 128 64 32 16
Numbe.r of Water- 3 16 39 64
mark bits

Optimum Value of ¢ 0.006 0.01  0.04 0.08

We notice that the water-mark bits are inserted after
LDPC encoding and extracted before LDPC decoding.
LDPC (3, 6, 1024) code was selected as the FEC code
in this back-to-back 100 Gb/s optical communication
system.

In order to demonstrate the optimum percentage of
water-mark bits of the Watermark scheme, we choose
several typical proportions as representatives and simu-
lation of their decoding performance are done to find
the optimum percentage of the water-mark bits. The
simulation system is shown in the upper part, the
length of LDPC code is 1024, the code rate R is 1/2,
and the maximum number of iteration, I is set to 20.
Considering that the interval r between water-mark bits
cannot be too large or too small (as shown earlier), we
take four proportions 0.78%, 1.56%, 3.12%, and 6.25%
as representatives. Table 1 shows the corresponding
parameter a for each percentage. For the parameter
a selected in Table 1, different proportions can obtain
better performance, respectively.

Bit error rate (BER) performance of Watermark
scheme for four proportions of water-mark bits and the
traditional one is shown in Fig. 5. One can easily notice
that at the same optical SNR (OSNR), Watermark
scheme for the four percentages shows decrease in BER
performance compared with the traditional LLR-BPA.
The scheme with 0.78% water-mark bits gains only a lit-
tle improvement, the improvement gain by scheme with
6.25% water-mark bits is nearly the same as the scheme
with 1.56% water-mark bits, but it is bigger than the
situation of 0.78%. The Watermark scheme with 3.12%
water-mark bits gains the optimum BER performance in
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Fig. 5. BER performance of different proportions for Watermark
scheme and traditional scheme.
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Fig. 6. Q-factor of traditional algorithm versus optimum
Watermark scheme.

the four groups of different percentages. So we can con-
clude that 3.12% is the optimum percentage of water-
mark bits, and we can call the Watermark scheme with
the optimum percentage of water-mark bits as the opti-
mum Watermark scheme. We can know that when BER
performance drops to 107, compared with the traditional
LLR-BPA, the optimum Watermark scheme shows a net
code gain (NCG) improvement of 0.5 dB.

Figure 6 shows @-factor performance of the optimum
Watermark scheme and the traditional scheme and
Fig. 7 shows the average iteration number of the two
schemes when [ is set to 20. We can notice that the
optimum Watermark scheme shows an improvement of
2.4 dB Q@Q-factor at the OSNR of 14 dB, which is the
biggest improvement of Q-factor performance in Fig. 6.
For the same BER performance, Fig. 7 shows a decrease
in the average iteration number of the optimum Water-
mark scheme. The number of iteration decreases greatly
at the OSNR of 14 dB also. The trend analyses of Figs. 6
and 7 show that the Watermark scheme can obtain bet-
ter performance compared with the traditional LLR-BP
decoding algorithm for lower OSNR. It is the same
with the theory of Watermark scheme. We believe that
the new scheme can get bigger improvement when the
condition of communication channel is worse.

In conclusion, we study the modified scheme based on
LDPC which is called Watermark scheme over 100 Gb/s
high optical communication system. We find that the opti-
mum percentage of water-mark bits is 3.12%. Comparing
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Fig. 7. Average iteration number of traditional algorithm
versus optimum Watermark scheme.
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with the traditional one, the optimum Watermark
scheme shows an improvement of 0.5 dB NCG, the best
Q-factor improvement is 2.4 dB. It also shows a decrease
in average iteration number. The Watermark scheme can
get a better decoding performance when the condition of
communication channel is worse.
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