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Effective Compensation of the Distorted 1.12 Tbps
WDM Signals Using Optimization of Total Dispersion

Seong-Real Lee, Member, KIMICS

Abstract—Nonlinear effects and chromatic dispersion
are the main causes of pulse degradation in high bit-rate
WDM transmission systems and several architectures
have been proposed to compensate them by means of
optical phase conjugation. In this paper, a new method to
exploit an optical phase conjugator (OPC) for non-
linearity and dispersion cancellation is disclosed. The
proposed method is using optimal total dispersion of
each fiber sections and it is simpler than those previously
described in literature. Power penalty between WDM
channels and the maximum launch power in 28x40 Gbps
WDM transmission system designed by optimal total
dispersion are more decreased and more increased than
those in the conventional WDM transmission system
with OPC, respectively. Furthermore, optimal total
dispersion proposed in this research should provide the
flexible design of WDM system, which less depends on
OPC position.

Index Terms—Optimal total dispersion, WDM trans-
mission system, Chromatic dispersion, Kerr nonlinearity,
Optical phase conjugator, Eye opening penalty.

I. INTRODUCTION

It is well known that spectral inversion (or phase
conjugation) within a fiber-optical communication link
can in principle eliminate both linear (dispersive) and
nonlinear (Kerr-nonlinearity-induced) impairments [1].
Generally, this technique is called to mid-span spectral
inversion (MSSI) because optical phase conjugator
(OPC) has to be placed at mid-way of total transmission
link for compensating the distorted optical signals. MSSI
does not require accurate knowledge of the dispersion of
each fiber section, as long as one has access to the
middle point of the total fiber span and the two resulting
halves produce similar accumulated dispersion.

But, theoretically, nonlinearity cancellation by MSSI
requires a perfectly symmetrical distribution of power
and local dispersion with respect to OPC position. Due to
the presence of fiber attenuation, this condition cannot be
satisfied in real links. Thus, the effectiveness of this
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technique has only been demonstrated in specifically
designed links such as those based on the use of short
amplifier spacing [2], or special fibers [3], or high-power
Raman distributed amplification [4]. But, in WDM trans-
mission systems, it is more difficult to obtain the
perfectly symmetrical distribution in MSSI link, because
WDM transmission requires wide bandwidth, even if the
perfectly symmetrical distribution was obtained for a
special WDM channel.

In this paper, a new scheme for the compensation of
nonlinear effects and chromatic dispersion, without the
need for symmetrizing the signal power and local
dispersion in WDM transmission system with OPC, is
numerically investigated. The proposed scheme in this
paper is using total dispersion of both fiber sections,
which are discussed in Section Ill. OPC must exhibit the
similar conversion efficiency, which is defined as a ratio
of the conjugated power to the signal power [5], over
total WDM channels for compensating overall WDM
channels to similar reception performance. Fortunately,
this requirement is satisfied by using highly-nonlinear
dispersion shifted fiber (HNL-DSF) as a nonlinear
medium of OPC because the effective bandwidth of
HNL-DSF is wide and flattened [6]. The configuration of
1.12 Tbps (i.e., 28 channels x 40 Gbps) WDM transmi-
ssion system with OPC using HNL-DSF is discussed in
Section II. The results of simulations are presented and
the analysis of these results is discussed in Section IV.
And, the conclusion of this research is described in
Section V.

I1. CONFIGURATION OF WDM
TRANSMISSION SYSTEM

ofB-LD [55]
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Fig. 1 The configuration of 28x40 Gbps WDM
transmission system with OPC.

The configuration of intensity modulation / direct
detection (IM/DD) WDM transmission system with OPC
is illustrated in Fig. 1. Transmitter (Tx) of WDM tran-
smission system consist of 28 distributed feedback laser
diode (DFB-LD). The center wavelengths of DFB-LD of
channel 1 and 28 are assumed to be 1,550 nm and
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1,571.6 nm, respectively. The wavelength spacing bet-
ween each channels is assumed to be 100 GHz (0.8 nm)
based on ITU-T recommendation [7]. Each DFB-LD are
externally modulated by an independent 40 Gbps
128(=2") pseudo random bit sequence (PRBS). The
modulation format from external optical modulator is
assumed to be NRZ. And output electric field of NRZ
format is assumed to be second-order super-Gaussian
pulse with 10 dB extinction ratio (ER) and chirp-free.

28 WDM channels are multiplexed in the arrayed-
waveguide grating multiplexer (AWG MUX) and then
transmitted into optical link. Total transmission length of
link is assumed to be 1,000 km in this paper. It is divided
into two sections (former and latter half section) of
respective length L, and L, (with L = L;+L,) and each

fiber section consist of 10 fiber spans of length / = 50 km.

The L, is equal to L, in the case of MSSI technique. The
transmission fiber span made of nonzero dispersion-
shifted fiber (NZ-DSF) was characterized by the atte-
nuation coefficient ¢=0.2 dB/km, dispersion coefficient
Dy, =2 ps/nm/km (x=1,2; where 1, 2 present former and
latter fiber section, respectively), the effective core area
of fiber 4 g—72 pm’, nonlinear refractive index n,=
2.5x10%° m*/W and the nonlinear coefficient =141 W’
'km™ at 1,550 nm.

The nonlinear medium of OPC in Fig. 1 is HNL-DSF.
The parameters of OPC using HNL-DSF are as follows;
loss of HNL-DSF a4=0.61 dB/km, nonlinear coefficient
of HNL-DSF y=20.4 W'km", length of HNL-DSF
25=0.75 km, zero dispersion wavelength of HNL-DSF
40=1,550 nm, dispersion slope dDy/dA=0.032 ps/nmz/km,
pump light power P, =18.5 dBm, and pump light
wavelength 4,=1549.75 nm. The 3-dB bandwidth of
conversion efficiency # of the OPC is obtained to be 48
nm (1526~ 1574 nm). The signal wavelengths are
converted to 1,549.5 ~1,528.5 nm (these are called to the
conjugated wavelength). Thus, the allocated 28 signal
wavelengths and these conjugated wavelengths are
belong within 3-dB bandwidth of #.

The multiplexed 28 conjugated channels propagated
through latter half section are demultiplexed and then
sent into each receiver (Rx) of direct detection. Each Rx
consist of the pre-amplifier of EDFA with 5 dB noise
figure, the optical filter of 1 nm bandwidth, PIN diode,
pulse shaping filter (Butterworth filter) and the decision
circuit[8]. The receiver bandwidth is assumed to be
0.65xbit-rate.

III. NONLINEAR SCHRODINGER EQUA-
TION AND EVOLUTION METHOD

The propagation of signal in a lossy, dispersive and
nonlinear medium can be expressed by the nonlinear
Schrodinger equation assuming a slowly varying envelope
approximation [1]
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where jk =1,2,--+,28 (j¥k), A; represents the complex
amplitude of signal of j-th channel, z is the propagation
distance, f,; is the group velocity dispersion (GVD), f;
is third-order dispersion (TOD), and T=t-z/v; is the time
measured in a retarded frame. The last two terms of (1)
induce self phase modulation (SPM) and cross phase
modulation (XPM), respectively. The effects of XPM on
WDM signals are more decreased as the fiber dispersion
is larger [9]. The XPM effect of inter-channels is
neglected in this paper, because the dispersion coeffi-
cient of fiber in this research is assumed to be 2 ps/nm/
km, which less affect the signal distortions due to XPM.
The numerical approach of (1) is completed by using
split-step Fourier (SSF) method [1].

The purpose of this research is proposing a new
method for the improvements of WDM transmission
system performance without the need for symmetrizing
the signal power and local dispersion. The key solution
of the proposed method is optimal total dispersion (fiber
section length x dispersion coefficient of fiber section)
minimizing eye opening penalty (EOP) of overall WDM
channels. That is, optimal total dispersion must to be
found out and system performances in 40 Gbps x 28
channel WDM transmission system with optimal total
dispersion will be assessed in this research.

The inducing of optimal total dispersion is based on
two kinds of approaches. First kind of approach is only
related with OPC position, but is not related with dis-
persion coefficients of both fiber sections. That is, if
OPC position was changed from mid-way of total trans-
mission length (500 km), total dispersion is also changed
by D11L1 and D12L2 (:Dlz(L- Ll)) L1 is the length of
former half section from Tx to the varied OPC position,
and L, is the length of latter half section from the varied
OPC position to Rx. But, in this case, dispersion coe-
fficients of both fiber sections, D;; and D,, are fixed to
be 2 ps/nm/km. Optimal value of total dispersion is
found out by evaluating EOP characteristics for the
channel 1 and 28 as a function of Dy,L; and D,L,.

The second approach is vice versa. That is, the second
approach is only related with dispersion coefficients of
both fiber sections. That is, if dispersion coefficient of
one fiber section among both fiber sections was changed
from 2 ps/nm/km, total dispersion is also changed by
Dy Ly or Dy,L,, in this case L; and L, are fixed to be 500
km. And, Dy, is assumed to be 2 ps/nm/km when Dy L, is
considered, and D; is assumed to be 2 ps/nm/km when
D\,L, is considered, respectively. Optimal value of total
dispersion is also found out by evaluating EOP charac-
teristics for the channel 1 and 28 as a function of DL,
and Dy,L,. And then, optimal total dispersions induced
by different approach are compared each other.

IV. SIMULATION RESULTS AND DISCUSSION

Fig. 2 illustrates EOP of overall channels as a function
of the launch power when Dy L= D,L[,=1,000 ps/nm,
i.e., OPC placed at mid-way of total transmission length
and D=2 ps/nm/km (that is, conventional MSSI). The
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EOP of each channel is defined as 10log(a/b) where a is
the eye opening in back-to-back and b is the eye opening
calculated after transmission. It is shown that EOPs are
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more degraded as the signal wavelengths are more
deviated from the zero dispersion wavelength of OPC.
That is, the conventional MSSI has the limitation to
transmit overall WDM channels with the similar
performance.
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Fig. 4 AEOP as a function of total dispersion in the case
0fL1 = L2= 500 km.

That is, D;,L; shown in the bottom of Fig. 4 is the
product of 500 km (=L,) and the varying D, under Dy, =
2 ps/nm/km, while Dy,L; shown in the top of Fig. 4 is the
product of 500 km (=L,) and the varying Dy, under D,; =
2 ps/nm/km. It is shown from Fig. 4 that the best values
of total dispersion resulting in the smallest AEOP are 970
ps/nm for Dy;L; and 1,030 ps/nm for Dy,L,, respectively.
These results mean that EOP of overall WDM channels
are improved by setting dispersion coefficient of former
half section to 1.94(=970/500) ps/nm/km when OPC
placed at 500 km and dispersion coefficient of latter half
section is fixed to be 2 ps/mm/km, or by setting
dispersion coefficient of latter half section to 2.06(=
1,030/500) ps/nm/km when OPC placed at 500 km and
dispersion coefficient of former half section is fixed to
be 2 ps/nm/km.
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Fig. 3 AEOP as a function of total dispersion in the case
of Dy = Dy, =2 ps/nmv/km.

Fig. 3 illustrates AEOP, a difference of EOP between
channel 1 and 28, i.e., 1 EOPy,; — EOP 5 |, depending on
total dispersion, D;;L, and D;,L, in order to find out the
best total dispersion in assuming both D;; and D, to be 2
ps/nm/km, when OPC position is changed from 500 km.
It is shown from Fig. 3 that the best values of total
dispersion resulting in the smallest AEOP are 984 ps/nm
for Dy1L,and 1,016 ps/nm for D,L,, respectively. These
results mean that EOP of overall WDM channels are
improved by positioning OPC at 492 km from Tx (L;=
984/2 =492 km, L,= 1,016/2 = 508 km) in the case of no
changing dispersion coefficient of both fiber sections for
total dispersion variation.

Fig. 4 illustrates AEOP depending on total dispersion,
in assuming both L, and L, to be 500 km, when dispersion
coefficient of one fiber section is changed from 2 ps/nm/
km but that of the other is fixed to be 2 ps/nm/km.
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Fig. 5 EOP of the best channel and worst channel as a
function of the launch power in WDM trans-
mission system.

Fig. 5 shows EOP of the best and worst channel among
28 channels as a function of the launch power in WDM
transmission system with optimal total dispersion obtained
from Fig. 3 and 4, compared with those in the conventional
MSSI system, i.e., the result of Fig. 2. If 1 dB EOP is
allowed for performance criterion, it is confirmed that
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power penalty is reduced to almost 5 dB in WDM
transmission system with optimal total dispersion from
infinite value in the conventional MSSI system. And, in
the case of transmitting the worst channel, the maximum
launch power resulting 1 dB EOP is increased to almost
0.5 dBm in WDM transmission system with optimal total
dispersion, while that is smaller than -3 dBm in the
conventional MSSI system. These facts mean that
compensation extents of overall channels are improved
by applying the only optimal total dispersion proposed in
this research into WDM transmission system with OPC,
even if the “perfect symmetry” was not made.

The important point to be confirmed is that optimal
total dispersion values induced in Fig. 3 and 4 will be
used to design the flexible WDM transmission system.
That is, the criterion values necessary to design the
flexible WDM transmission system will be obtained by
comparing optimal total dispersion values from the
different procedures. From the comparing Fig. 3 with 4,
it is confirmed that dispersion coefficient of latter half
section is decreased by 0.0075 ps/nm/km in the case of
fixing only Dy; to 2 ps/nm/km as the OPC position is
closer to Tx by 1 km. This value is resulted from the
below facts; optimal total dispersion is obtained to be
1,016 ps/nm when OPC placed at 508 km as illustrated
in Fig. 3 and optimal total dispersion is obtained to be
1,030 ps/nm when OPC placed at 500 km as illustrated
in Fig. 4, thus 0.0075 ps/nm/km is induced from (1016
/508 - 1030/500) / (508-500). Also, dispersion coefficient
of former half section is increased by 0.0075 ps/nm/km
in the case of fixing only Dy, to 2 ps/nm/km as the OPC
position is closer to Tx by 1 km, because of (970/500 -
984/492) / (500-492).

Consequently, these values and the results of Fig. 3
and 4 should be used in the flexible design of WDM
transmission system with the improved performance
better than that in the conventional MSSI system. That is,
the flexible decision of optimal total dispersion of one
fiber section is possible when dispersion coefficient of
the other half section is fixed to be 2 ps/nm/km, depen-
ding on the below equations;

(D11l opt = (Dl 1,mid *+0.0075(z,,;4 ~ ZOPC))LI )

(D12L2)opt = Di,mid 00075 mig — z0p0) L2 3)

where, (Dy1L1)ope and (Di2Ly)on are optimal total dis-
persions of former half section and latter half section,
respectively. Dyjmig and Djppiq are dispersion coeffi-
cients of former half section and latter half section,
respectively, when OPC is placed at 500 km, which
correspond to 1.94 ps/nm/km and 2.06 ps/nm/km, res-
pectively. zyq is the position of mid-span of total
transmission length, i.e., 500 km, and zgp¢ is the desired
position of OPC from Tx. And, L, is the length from Tx
to OPC, and L, is the length from OPC to Rx.

For example, if one designed WDM transmission
system with OPC placed at 470 km from Tx when only
Dy, is fixed to 2 ps/nmv/km, (DyiL)epy is decided to be
1017.55 ps/nm as the result of (1.94+0.0075(500-470))

x470. While, (D12L;)qp is decided to be 972.55 ps/nm as
the result of (2.06-0.0075(500-470))x530 when only Dy,
is fixed to 2 ps/nm/km.
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Fig. 6 The maximum launch power of worst channel in
the various cases of optimal total dispersion.
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Fig. 6(a) and (b) show the maximum launch power of
the worst channel in WDM transmission system in the
various cases of (Dy1L1)op and (Di1al;)on calculated by
(2) and (3), when Dy, and Dy, fixed to be 2 ps/nm/km,
respectively. If the allowed launch power was deter-
mined to 0.5 dBm alike the result in Fig. 5, in the case of
the fixed D,=2 ps/mm/km, the allowable range of
(D1Ly)opt is 920 to 987 ps/nm, which means that OPC
can located from 490 km to 530 km from Tx. While, in
the case of the fixed Dy = 2 ps/nm/km, the allowable
range of (D1,L;)opt 1s 940 to 1,030 ps/nm, i.e., the allowable
position of OPC is 455~500 km from Tx. Therefore, it is
confirmed from the results of Fig. 6 that the flexible
design of WDM transmission system less depending on
OPC position is possible by using optimal total disper-
sion proposed in this paper. And, it is confirmed that the
optimization of total dispersion of latter half section is
more effective to enlarge the flexible OPC position than
that of former half section.
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V. CONCLUSION

Up to now, a new scheme using the optimization of
total dispersion, without the need for symmetrizing the
signal power and local dispersion in 1.12 Tbps WDM
transmission system with OPC, was investigated. It was
confirmed that power penalty between WDM channels is
more decreased and the maximum launch power of worst
channel is more increased in system designed by optimal
total dispersion of each fiber section than those in the
conventional MSSI system. Furthermore, it is also con-
firmed that optimal total dispersion proposed in this
research should provide the flexible design of WDM
transmission system, which less depends on OPC posi-
tion. Thus, it is expected to realize a exact wideband
WDM transmission system with OPC by using the
proposed method of total dispersion optimization,
without the formation of the symmetrical distribution of
signal power and local dispersion.
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