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Abstract This paper has designed 2-channel dense
wavelength division multiplexing (DWDM) chaotic sys-
tem at the frequencies of 193.1 and 193.2 THz, respec-
tively. The optical chaotic signals were produced by using
the semiconductor laser that is numerically modeled by
employing laser rate equations. These two channels were
multiplexed and then propagated through single mode
optical fiber (SMF) of 80km length with dispersion
compensating fiber of 16 km length. Erbium doped fiber
amplifier (EDFA) was used to compensate the power
losses in the SMF. In this paper, we investigated the effects
of polarization mode dispersion (PMD) and nonlinearities
especially stimulated Raman scattering (SRS) on 2 channel
DWDM chaotic communication system by varying the
length of the SMF and value of differential group delay
(DGD).
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1 Introduction

In the early 1990s, the discovery of possibility of chaotic
synchronization by Pecora and Carroll triggered the idea to
use chaotic synchronization to provide security in digital
and optical communication [1]. Chaos is a complex
irregular and un-predictable behavior shown by a simple
deterministic system. There are many software algorithms,
which provide security using different software encryption
techniques. These algorithms provide security to some
extent but not enough. A parameter known as key is used
to secure the transmission system. The algorithm is more
complex and secured if the length of the key is longer. If
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some hacker tries to hack the system, he can persuade
transmitter and receiver to use his own key, which makes
transmission of information completely transparent to him.
Chaotic communication is a simple and alternative
solution. In this type of communication system, chaotic
carrier is modulated with the message signal and
transmitted along the fiber and at receiver end this chaotic
carrier is again produced by performing synchronization to
subtract the message plus chaotic signal to obtain the
original message signal [2]. The practical demonstration of
chaos for secure communication in metropolitan area
network of Athens, Greece has marked the start of
commercialization of chaos based secure optical networks
[3]. Dense wavelength division multiplexing (DWDM)
chaos is the promising technique for future providing
security and bandwidth [4-6]. DWDM technology gives
us maximum utilization of available bandwidth in optical
fiber [7]. The available bandwidth can be used optimally
by decreasing the channel spacing and increasing data rate
per channel. Polarization mode dispersion (PMD) and
nonlinearities are the major limiting factors in long
distance communication [8—10]. Stimulated Raman scat-
tering (SRS) and four wave mixing (FWM) are two main
causes of crosstalk in the DWDM system because of
narrow channel spacing, whereas the FWM is not apparent
at two channels DWDM system. PMD and nonlinearities
combined effects cannot be ignored at long distances, at
higher bit rate and in the systems where narrow channel
spacing is used. It also increases the parameter mismatch
between the transmitted and received chaotic signal.
Previous studies on the analysis of nonlinear effects have
been reported on the phase-encoded transmission that
includes the study on different post-processing techniques
[11,12], pulse shapes [13] and encoding techniques [14].
However, these studies are limited to evaluate the impact
of deterministic impairments, hence neglecting the effect
of PMD. In this paper, we have evaluated the combine
effect of PMD and nonlinear effect on the on 2-channel
DWDM chaotic communication system.
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2 Simulation model

Chaotic signal is generated using semiconductor laser,
which is governed by the following laser rate equations.
Dynamical behavior of semiconductor laser can be
described effectively by laser rate equations. The modula-
tion dynamics of the laser are modeled by coupled rate
equations, which describe the relationship between the
carrier density N (7), photon density S (¢), and optical phase

¢ (1) [15].
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where, gy is the gain slope constant. /; is the internal signal
current, Iy is the input current, /pc is the parameter bias
current (/pc =33 mA) and /p is the parameter modulation
current (lpx = 10 mA). Table 1 gives the values of the
semiconductor laser that is essential to produce the chaos
waveform.

Figure 1 is the block diagram of the proposed model. We
have used frequencies at 193.1 and 193.2 THz with a
channel spacing of 0.1 THz, which is recommended
by ITU for standard DWDM system while the bit rate
is 5 Gbit/s. These two signals are multiplexed using
2x 1 multiplexer with 100 GHz bandwidth and 0 dB
insertion losses. Afterwards the multiplexed signal is
amplified using gain control Erbium doped fiber amplifier
(EDFA), and then this amplified signal is propagated
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Table 1 Values of parameters of semiconductor laser

symbol parameter value
ay active layer coefficient 1.5e-9
Vg group velocity 8.5¢9 cm/s
€ gain compression factor le—17 cm®
N carrier density transparency lel8cem
p fraction of spontaneous emission coupled into 8e-7
the lasing mode

mode confinement factor 0.4
14 active layer volume 1.5¢-10 cm®
7 photon life time 3e-12s
™ electron life time le-9s
A line width enhancement factor 5

through the optical fiber. The length of single mode optical
fiber is 80km with dispersion of 16 ps/nm-km and
attenuation of 0.2 dB/km. Dispersion is compensated
using dispersion compensation fiber (DCF). DCF length
is 16 km with —83.75 ps/nm-km to counter balance the
dispersion of single mode optical fiber.

The chaotic signal produced from our numerical model
is plotted as a function of the signal output power and time.
Figure 2(a) is the transmitted chaotic signal and Fig. 2(b) is
the received chaotic signal in the absence of polarization
mode dispersion and nonlinearities effects. An ideal fiber
has perfect core and symmetry so two modes of light which
are perpendicular to each traveling in the ideal optical fiber
will not suffer PMD effects. But in real fiber, the core is not
perfect so these two perpendicular modes will not travel
with the same speed resulting in spreading of the pulses.
Differential group delay is directly proportional to the
square root of distance.

At = Dpypsqrt(L), (6)

where Dpyip 1S the PMD parameter of the fiber, typically
measured in ps/sqrt(km), a measure of the strength and
frequency of the imperfection of the real fibers (sqrt stands
for square root of the variable). PMD is a stochastic
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Fig. 1 Block diagram of chaotic DWDM system
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Fig. 2 Chaotic signal at transmitter (a) and receiver (b)

process with a random differential group delay (DGD)
value. In this work, we vary the values of DGD to examine
the effects of polarization mode dispersion. The combined
effects of PMD and nonlinearities are also numerically
investigated. SRS causes the power leakage from the
shorter wavelength to the higher wavelength due to Raman
scattering in the optical fiber. The power fractions leaked
from the higher frequencies components to the lower
frequency components [16] are given in Eq. (7).

D= ]\f f()pngnLef
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n=1
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where, p, is the original power of the lowest frequency
component, f, is channel with lowest frequency, i.e.,
1551.72 nm, f, is the highest frequency channel, i.e.,
1552.52 nm, N is the total number of channels, i.e., 2, L.¢is
the effective length of fiber, i.e., 20 km A is the effective
area of fiber, i.e., 80 um® and g, is the Raman gain
coefficient relating the high frequency component to the
lowest frequency component, i.e., 3.15 dB/(km-W). The
remaining power at the lowest frequency channel is given

by Eq. (8).

Py = —10log (1-D). ®)

3 Results and discussion
3.1 Synchronization graphs

In this paper, system performance is analyzed by

evaluating the synchronization graphs. The synchroniza-
tion graphs were plotted between the power of the
transmitted chaotic signal and power of the received
chaotic signal. If there is straight line, it shows that system
is synchronized; but if deviates from the straight line, then
the signal is effected by nonlinear effects and PMD.

Figure 3 is the synchronization graph of channel 1
plotted between the received and transmitted power of
chaotic signal, which is propagated at a distance of 80 km
and at a bit rate of 5 Gbit/s. In these synchronization
graphs, we neglect the nonlinear effects to only observe the
PMD effects. In Fig. 3(a), the value of DGD is 0 ps/km and
we can see that synchronization is better, and it is only
affected by the high value of attenuation in DCF. In
Figs. 3(b) and 3(c), the value of DGD is 0.5 and 1.0 ps/km
respectively from the given figures. It is clear that with the
increase in the value of DGD, the parameter mismatch
increases and greatly affecting the chaotic synchronization.

Figure 4 is the synchronization graph plotted in the
presence of PMD and nonlinear effects simultaneously,
while the values of DGD are 0, 0.5 and 1.0 ps/km are kept
in Figs. 4(a), 4(b) and 4(c) respectively. By analyzing these
graphs, we can say that polarization mode dispersion and
nonlinear effects are major degrading sources and severely
affect the chaotic signal during transmission through the
optical fiber.

Crosstalk in the DWDM is important degrading factor,
and it is induced by the presence of FWM mixing and SRS.
In 2-channel DWDM systems, FWM is not apparent
because for FWM at least 3 signals should be presented, so
the crosstalk in this system is presented mainly due to SRS
[16]. Figure 5 is the frequency spectrum of our system that
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Fig. 3 Synchronization graphs with parameter of PMD at (a) 0; (b) 0.5 and (c) 1.0 ps/km
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Fig. 4 Synchronization graphs with parameter of PMD at (a) 0, (b) 0.5 and (c) 1.0 ps’/km including nonlinear effects
3.2 Correlation coefficient
1100}
To determine the chaotic synchronization, correlation
5 coefficient (CC) [15] can be defined in Eq. (9).
Pr(t)—Pr(t)][Pr(t)— Pr(?
co - (PO PP - PO)
2 2
= 70| V{Pr(©) PP ) [Pe(t) - Pr (1))
5 . .
é sol where, P1(f) and Py(?) are the transmitted and received
powers of the chaotic signal. The value of CC varies from
—1to 1. The more the value approaches to 1, the better the
300t synchronization. CC graphs are plotted against various
length of the optical fiber at different value of PMD. We
ol have plotted the values CCs factor versus distance at
different values of DGD with a bit rate of 5 Gbit/s. The
main reason of adopting this performance comparison
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Fig. 5 Frequency spectrum showing SRS

shows the power leakage from channel 2 to channel 1,
while channels 1 and 2 are at frequency of 193.1 and 193.2
THz respectively.

methodology is that due to the statistical properties of the
optical chaos (that are usually not Gaussian) and hidden
nature of a digital message in secure transmission schemes,
therefore it is not advisable to directly calculate BER of the
chaotic transmission.

In Fig. 6(a), we have only considered the PMD effects
and neglected the nonlinear effects, while in Fig. 6(b) the
nonlinear effects are also included. DGD of 0, 0.5 and
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Fig. 6 Correlation coefficient versus distance. (a) Only PMD effects; (b) both PMD and nonlinear effects

1.0 ps/km are shown here with marker color of red, yellow
and green respectively. It can be observed from Fig. 6 that
at the smaller distances, e.g., at 10 km, the higher values of
DGD is effecting the chaotic synchronization in small
extent but with the increase in distance correlation
coefficient values decreases results in more degradation
in system performances. The combined effects of PMD
and nonlinearities are making chaotic synchronization
worse than the alone effects of PMD on chaotic
synchronization. In both the cases of DGD 0 and
0.5 ps/km at 100 km transmission distance, we have
observed a clear degradation in CC values. However, for
the higher values of DGD such as 1 ps/km, the transmis-
sion performance is highly degraded and it is hard to
differentiate and estimate the signal quality at this point for
both the cases.

4 Conclusions

In this paper, we numerically investigated the effects of
PMD and nonlinearities on the DWDM chaotic system. A
2-channel DWDM system was designed, in which
channels are transmitting at channel spacing set by
international standards. We analyzed the effects of PMD
and nonlinearities at various distance and DGD. It is
observed that with the increase in DGD and distance of the
installed fiber, these effects will highly degraded the signal
quality, which result in the increase of parameter mismatch
between the transmitter and receiver. Chaos based
encryption is a promising technology, although it is still
under experimental setup. PMD is a stochastic process and
it can be compensated using polarization-tracking devices,
but these techniques are not highly recommendable.
Nonlinearities can be mitigated by increasing channel
spacing, decreasing power and using different signal

processing methods to avert the effects of self phase
modulation, cross phase modulation and SRS.
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