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A quasi-cyclic low-density parity check (QC-LDPC) code is constructed by an improved stability of the
shortest cycle algorithm for 160-Gb/s non-return zero differential quadrature phase shift keying (NRZ-
DQPSK) optical transmission system with the fiber-based optical parametric amplifier (FOPA). The QC-
LDPC code with stability of the shortest cycle reduces the bit error ratio (BER) to 107** and restrains

the error floor effectively.
OCIS codes: 060.4510, 220.4830, 190.4223.
doi: 10.3788/COL201412.010604.

Optical fiber communication systems along with optical
amplifiers have many advantages, such as large capacity,
distance transmission, and anti-interference. However,
the dispersion effect of fiber leads to optical signal dis-
tortion, and the transmission distance is limited. With
the progress of time, low-speed fiber optical network has
been far from satisfying the people’s requirements. High-
speed and long-distance transmission fiber optical system
has been put on the agenda.

In order to ensure high-speed transmission, forward er-
ror correction (FEC) coding has become an increasingly
important tool and simplifies modulation devices mean-
while. Low-density parity check (LDPC) code is regarded
as a superior one over many FEC codes, which has the
great performance approaching the Shannon limit from
with the gap just is 0.0045 dB!"2. The feature is very
suitable for the high-speed optical fiber communication.
Quasi-cyclic LDPC (QC-LDPC) code is a special code in
numerous LDPC codes. However, it can be implemented
just by using shift register to simplify hardware. Sev-
eral QC-LDPC coding schemes have been recently pre-
sented for 100-Gb/s coherent transmission system[>—6l.
Meanwhile, in order to realize long-distance transmis-
sion, optical amplifiers are adopted in optical system.
Erbium-doped fiber amplifier (EDFA) is used universally
in optical communication systems at present, but EDFA
can only work in 1550-nm telecommunication window.
Fiber-based optical parametric amplifier (FOPA) uses
high nonlinearity fiber (HNLF) to obtain ultra-broad
gain bandwidth and amplifies any wavelength, and the
most important Foint is that it can realize amplification
with 0 dB noisel”™ 9. Tt is a development in the future
and will replace EDFA.

It is known that cycles in the check matrix of QC-
LDPC code will immensely influence decoding perfor-
mance and reduce the convergence rate of algorithm. Es-
pecially abundant short cycles in check matrix will cause
the error messages at nodes decoded incorrectly by it-
erative decoding algorithm; even more, the error mes-
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sages will be spread to other nodes and lead to decoding
failure['9=12]. Here, a QC-LDPC code is constructed by
an improved stability of the shortest cycle algorithm for
160-Gb/s non-return zero differential quadrature phase
shift keying (NRZ-DQPSK) signal optical transmission
system employing FOPA as optical amplifier. In gen-
eral, there are several shift values of circle permutation
matrix for a specific condition, improved stability of the
shortest cycle algorithm is able to select a proper shift
value on the premise of ensuring stability of the short-
est cycle for better decoding performance. First, a basis
matrix is constructed according to improved progressive-
edge-growth (IPEG) algorithm. Second, a candidate set
of shift values of every circle permutation matrix is ob-
tained according to Theorem 2.1 of Fossorier(*3]. Finally,
the candidate set of shift values is optimized according
to the improved stability of the shortest cycle algorithm.

In 160-Gb/s NRZ-DQPSK signal optical transmission
system employing FOPA, we aim to correct the error
codes caused by system defects and dispersion effect,
QC-LDPC code is adopted, the bit error ratio (BER)
performance of optical transmission system is simulated,
and the results show that QC-LDPC code constructed by
improved algorithm can reduce BER to 10714 and effec-
tively restrain error floor.

QC-LDPC code is defined as a ¢ x t compressed parity
check matrix, as

Ain A o Ay
Asqr Agp - Ay,
A'c,l A.c,z e A.c ¢

)

where A, ; represents a circular right shift identity ma-
trix with p x p, c=m/p,t = N/p,0 < c < t, and N and
m represent code length and parity bit length, respec-
tively. Therefore, the parity check matrix of QC-LDPC
code is ¢p X tp.

A basis matrix can be constructed in terms of the shift
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Fig. 1. Cycle of length 4 in basis matrix forms cycle of length
16 in QC-LDPC code and the cycle of length 8 in basis matrix
forms cycle of length 8 in QC-LDPC code.

of the circular right shift identity matrix, as

aj] ar2 - Alg
a1 Az2 - Ay
ac 1 ac,2 cc Qe

where a; ; = 0 represents unit matrix, a; ; > 0 is offset of
loop transfer matrix, and a; ; = —1 is zero matrix with
p X p. Each column and each row of the B matrix repre-
sents a variable node V; and a check node Cj, 1 <1 <t
and 1 < j < ¢, respectively.

The Tanner graph of the base matrix is defined as
G = (UUW,E), where U = {V},K,V;} and W =
{C1,K,C.} represent variable nodes and check nodes
respectively, E represents a set of all the edges in
Tanner graph, and e represents an edge of E, e =
(u,clu € U,c € W) € E.

For example, there is a basis matrix with 0.5 code rate,
c=4, t=8, and p=4, shift value of V;? needs to be con-
firmed, where V2 indicates the third circle permutation
matrix at variable node V4. The basis matrix is shown as

Vi Vo V3 Vi V5 Vg Vi Vg

01 (0.

CQ o0
B= 3
s 3 (3)

Cy 00

Form Eq. (3), there are two cycles of length 4 and 8 in
1%
Vi4) =Vi—Cy— Vs — Cs =V,
Vi®)=Vi—Ci—Vs—C5—Vy
—Cy =V = Cy = Vg, (4)
where V;3(4) and V;}(8) indicate cycles of length 4 and 8

in V2. The candidate sets of shift value of circle permu-
tation matrix in Eq. (4) are calculated according to the

Theorem 2.1 of Fossorier,

Nys (1) = {0,1,2}
NV43(8) = {1’273}7 (5)

where Nys(4) and Nys(8) are the candidate sets of
shift value of circle permutation matrix with cycles of
length 4 and 8. The conventional algorithms only con-
sider breaking the shortest cycle in the basis matrix
when the shift value of circle permutation matrix is
selected, but cannot ensure the stability of the short-
est cycle maximization in QC-LDPC code matrix. If 0
is selected to be the offset in V3, the cycle of length
4 will form cycle of length 16 in QC-LDPC code and
the cycle of length 8 in basis matrix will form cycle
of length 8 in QC-LDPC code. The shortest cycle in
QC-LDPC code becomes length 8 from length 16, which
influences the stability of the shortest cycle (Fig. 1).

initializing variable node V;
according to the degree distribution d;

v

circulating shift value of circle
permutation matrix in V¥ 1<<k<ld;

v

searching all cycles related to Vik
v
calculating Ny (D)

v
L

calculating T'= Nyx(0)
=4

| Vik: random(T") ‘

end

Fig. 2. Flow diagram of the stability of the shortest cycle
algorithm.

constructing a basis matrix
according to IPEG algorithm
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41

QC-LDPC codes

Fig. 3. Flow diagram of constructing a QC-LDPC code.
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Fig. 4. Flow diagram of BP iterative decoding progress.

Improved stability of the shortest cycle algorithm can
be described as shown in Fig. 2, where V; represents the
ith variable node in basis matrix, d; is the corresponding
degree distribution, V¥ is the shift value of the kth cy-
cle permutation matrix at V;, random is a function that
selects one from x randomly, Ny (1) is defined as the in-

tersection set of cycle with length I, | T' | indicates the
number of element in I'. According to improved stability
of the shortest cycle algorithm, QC-LDPC code can be
constructed as showed in Fig. 3.

QC-LDPC code is also used in belief propagation (BP)
algorithm for decoding. BP algorithm is a soft-decision
decoding algorithm!™!. Tt gets the posteriori probabil-
ity through iterative operation so that the performance
of QC-LDPC codes approaches the Shannon limit. BP
algorithm gets the probability distribution of each node
according to the updated information that is transferred
between the variable nodes and check nodes in the Tan-
ner graph. The transferred information in the Tanner
graph is defined as extrinsic information. The BP itera-
tive decoding progress is described as shown in Fig. 4.

When BP algorithm converges to the posteriori prob-
ability of all the nodes in the Tanner graph, QC-LDPC
codes will have a good performance, which means that
there are no cycles in the Tanner graph corresponding to
the check matrix. However, the actual Tanner always in-
cludes cycles. It has proved that as long as cycles in the
Tanner graph will influence on BP algorithm. The short-
est cycle length is enlarged according to the improved
stability of the shortest cycle algorithm that optimizes
the shift value of the circle permutation matrix in the
basis matrix.

System architecture of optical transmission system
based on QC-LDPC code is shown in Fig. 5. The in-
put 160-Gb/s electrical signal is first coded by a QC-
LDPC coder module based on improved stability of the
shortest cycle algorithm and then modulated onto an op-
tical carrier, whose average power and central wavelength
are 0.01 mW and 1 552.5 nm respectively, with DQPSK
format for E/O conversion. Modulated optical signal is
afterward launched into single-mode fiber (SMF) whose

length is 0.625 km and attenuation is 0.24 dB/km. In
order to realize long-distance transmission in SMF, the
power of the output optical signal with peak power —19
dBm needs amplifying to transmit in another fiber. Be-
cause FOPA has so many advantages as mentioned be-
fore, we adopt FOPA as the system amplifier in optical
transmission system. Thus, a FOPA that consists of a
50-m HNLF and one pump at 1 539 nm with peak power
30 dBm in frequency domain is selected to enhance the
signal. The NL1016-B HNLF with zero-dispersion at
1 550 nm has watt profile design, introducing an in-
ner cladding with low refractive index around step-index
core, nonlinearity coefficient is 10 W—'km ™!, and atten-
uation coefficient is 1.2 dB/km at 1 540 nm. With the
action of such a parametric amplifier, a high gain with 8
dB can be no doubt obtained easily. Before amplification
in the FOPA, a part of the output optical signal from the
SMF is first delivered into a photoelectric detection (PD)
and a phase lock loop (PLL) with a 99/1 coupler to con-
trol the phase of pump in FOPA. At the output port of
HNLF, 1% optical signal is separated by another 99/1
coupler and launched into an optical spectrum analyzer
(OSA) to observe the four-wave mixing (FWM) effect,
while the other 99% is filtered by an optical bandpass
filter (BPF) for DQPSK optical demodulation module.
Demodulated electrical signal with error bits is finally
QC-LDPC decoded and used for recovery of original sig-
nal.

SMF

99/1
coupler

DQPSK DQPSK
optical optical
modulation| demodulation

QC-LDPC
decoder

Fig. 5. 160-Gb/s NRZ-DQPSK signal transmission system
employing QC-LDPC code. CW, continuous wave laser; PC,
polarization controller; WDM, wavelength division multiplex-
ing.
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Fig. 6. (a) Segment phase of 160-Gb/s QC-LDPC code sig-
nal after DQPSK optical modulation module. (b) A segment
phase of optical carrier after SMF. (¢) FWM spectrum after
FOPA. (d) A segment phase of amplified optical signal after
BPF.
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Fig. 8. Demodulation electrical signal at (a) I and (b) Q
branches. The inset shows eye diagram.

First, 2040, 2720, and 3400 pseudo-random codes with
160-Gb/s speed are fed into the system as the input data,
respectively. The pseudo-random codes are coded by the
improved stability of the shortest cycle algorithm to QC-
LDPC code with different redundancy rates 50%, 33%,
and 16% respectively and the QC-LDPC code length is
4080. The signal is detected at several points and is an-
alyzed. Figure 6(a) shows a segment phase of 160-Gb/s
QC-LDPC code signal after DQPSK optical modulation
module; the data are carried on relative phase of optical
carrier. When optical signal transfers in SMF, it will be
distorted by dispersion, attenuation, and nonlinearity. A
segment phase of optical carrier is shown in Fig. 6(b);
there is a drastic random jitter on the phase of optical
signal. After FOPA, the FWM spectrum is shown in Fig.
6(c), the attenuation optical signal is amplified about 8
dB. Then, a bandpass filter with center wavelength at
1 552.5 nm is used to slice the amplified signal; a seg-
ment phase of amplified optical signal is shown in Fig.
6(d). However, the amplification process is not ideal and
pump jitter and phase mismatch will distort transmission
optical signal; the differences are shown in Figs. 6(b) and
(d) with a red circle. Actually, bit error from FOPA can
be neglected relative to one from fiber. When the ampli-
fication gain is adjusted, the BER does not move after
DQPSK demodulation module, as shown in Fig. 7.

In DQPSK demodulation module, demodulation elec-
trical signals are detected at I and Q branches as shown
in Figs. 8(a) and (b); the inset shows eye diagrams. Elec-
trical signals have serious random jitter, high BER will
be brought not using QC-LDPC decoder.

In 160-Gb/s NRZ-DQPSK optical transmission sys-
tem based on QC-LDPC codes with different redundancy
rates, basis matrixes are 12x24, 8x24, and 4x 24, respec-
tively; cycle transfer matrix is p = 170; the shortest cycle
lengths are g=8, 8, and 6, respectively. After QC-LDPC

decoder, the results of simulations are shown in Fig. 9,
for nonlinearity, dispersion, attenuation from fiber and
pump jitter, and phase mismatch from FOPA are con-
sidered. If OOK modulation format is used, BER al-
most equals to 1 and the modulation does not adapt to
high-speed optical transmission system. If DPSK modu-
lation format is used, the BER becomes smaller than the
one using OOK modulation and is 0.1 at the error floor.
When DQPSK modulation format is adopted, BER is
the smallest among three modulation formats. It is not
advisable that only modulation format is changed to ob-
tain low BER in optical transmission system, transmit-
ting and receiving equipment will become complication
and be difficult to control. Under conditions of DQPSK
modulation format, QC-LDPC code is used to reduce
BER and restrain error floor. As shown in Fig. 9, we
test QC-LDPC codes of different redundancy rates; QC-
LDPC(4080,2040) code of 50% redundancy rate signif-
icantly outperforms the other two codes. At a BER of
3.52x10712, the QC-LDPC code of redundancy rate 16%
is 3.8 dB away from the one of redundancy rate 33%,
while at a BER of 1.66x10713, the QC-LDPC code of
redundancy rate 33% is 2.56 dB close to the one of re-
dundancy rate 50%. Although we do not possess the
results of simulations at 10~!%, the QC-LDPC code is
constructed by the proposed improved stability of the
shortest cycle algorithm do not exhibit error floor.

In conclusion, we propose an improved stability of the
shortest cycle algorithm to construct QC-LDPC code and
investigate its performance. The QC-LDPC code con-
structed by improved stability of the shortest cycle algo-
rithm effectively corrects error bits caused by nonlinear-
ity, dispersion and pump jitter, and phase mismatch in
the optical transmission system. A BER of 107! at the
received optical power of —23.55 dBm is achieved. More-
over, this proposed QC-LDPC code, since it ensures sta-
bility of the shortest cycle, is expected to inherently en-
able efficient high-speed implementation. Our approach,
thus, provides a promising solution for 160 Gb/s and be-
yond.
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