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Abstract

In order to minimize the system impairments produced as a result of repeater circuits,
optical amplifiers are utilized in wave division multiplexed (WDM) systems these days,
which are capable of amplifying complete WDM signal in optical domain directly.
Although WDM systems are capable of transmitting data at high data rates still, it faces
many serious problems which degrade the performance of the optical transmission system
such as four-wave mixing (FWM). In this paper, the effect of channel spacing in WDM
systems and chromatic dispersion coefficient value on optical transmission system’s
performance in terms of eye diagrams and input-output spectrums is discussed. The
outcomes of the simulations show that by using unequal channel spacing FWM is reduced
and it can be further reduced by increasing the value of dispersion coefficient.
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1. Introduction

The very high bandwidth of optical fiber has led to the development of extremely high
capacity, and long-haul communication system which is best utilized along with wave
division multiplexing (WDM) [1]. But various impairments like chromatic dispersion and
nonlinear effects in optical fiber provide a certain limitation on the overall performance of
optical communication system. In an optical fiber, the chromatic dispersion can be
minimized by employing dispersion compensation fiber (DCF) along the length of optical
fiber but by reducing dispersion, nonlinear effects in an optical fiber are promoted to a
great extent typically four-wave mixing (FWM) [2-3]. Four wave mixing can lead to
serious performance degradation of a wave division multiplexing system. FWM can cause
BER fluctuations in optical networks that can lead to degradation of optical signal to
noise (OSNR) and quality of service (QoS) in a WDM network having a highly complex
nonlinear effect. In four wave mixing, two or more frequencies react with each other and
by reacting with each other they produce multiple new frequency components of the same
order as that of original frequencies. Four wave mixing is a kind of Kerr- effect in the
optical domain and occurs when two or more different wavelengths travel in same optical
fiber and optical power of one wavelength is transferred to optical power of adjacent
wavelength. Such transfers of power not only cause power loss for the system but also
cause inter-channel crosstalk which results in overall degradation of the system
performance [4]. Four wave mixing is generally avoided but still it finds many
applications such as transmitting data at another wavelength which can be produced as a
result of interaction amongst different wavelengths. Four wave mixing effect can also be
used to convert one wavelength to another as a wavelength converter. FWM can also be
used to generate optical signals having inverted spectrum as that of the original signal by
utilizing optical phase conjugation process. Figure 1 shows a schematic of a two and three
channel four- wave mixing effect producing spurious side modes.
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Figure 1. Four Wave Mixing in Frequency Domain [5]

If in a wave division multiplexing system there are large numbers of closely spaced
wavelengths having high optical power, it can result in generation of many kinds of non-
linear effects, including:

Cross-Phase Modulation (XPM)
Stimulated Raman Scattering (SRS)
Stimulated Brillouin Scattering (SBS)
Four Wave Mixing (FWM)

These non-linear effects play a vital role in overall performance of a fiber optical
communication system. Due to XPM and FWM, channels at different wavelengths
interfere with each other which results in the limitation on the transmission power of each
channel in a wave division multiplexing system. Transmitting information signal at high
powers results not just only in promoting FWM and XPM effects but also in activating
other non-linear effects such as SBS and SRS [9-10]. Four wave mixing also known as
four-photon mixing poses a severe limitation on data rates and maximum repeater
distance spacing in an optical fiber communication link. Due to FWM, in a multiple
channel WDM system, two or more wavelengths interact with each other resulting in new
frequencies also known as beat frequencies which travel at the expense of the power of
original information carrying signal. The frequencies produced due to FWM fall directly
in the frequency band of original information carrying signals. As a result, it is very
important to minimize FWM effect in order to prevent interference between FWM
frequency components and information carrying signals [11].

In this paper, the overall performance of optical WDM system is investigated taking
four- wave mixing effect (FWM) into consideration. Different simulation parameters such
as chromatic dispersion coefficient and WDM channel spacing are varied one at a time
keeping rest of the simulation parameters constant and their effect on system performance
is studied. The effect of channel spacing in a wave division multiplexing system on the
efficiency of four wave mixing effect is investigated. It was seen that if channel is kept at
unequal spacing the efficiency of FWM effect is reduced to a great extent in a WDM
system. Also, the effect of chromatic dispersion coefficient on the efficiency of four-wave
mixing effect is discussed. It was found that as the value of dispersion coefficient is
increased, the efficiency of FWM effect starts falling.

The rest of the paper is organized as follows; in Section 2, theoretical background of
four- wave mixing is discussed in detail. In Section 3, simulation setup and different
simulation parameters used in this analysis is presented. In Section 4, results of all the
simulations are discussed in detail and in Section 5, the conclusion of the analysis is
presented and discussed.
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2. Theoretical Background

Intermodal dispersion is one of the main reasons of signal degradation in multimode
fibers. Although with use of single mode fiber it is possible to eliminate intermodal
dispersion, but different wavelength components present in fundamental mode of optical
fiber carry with different velocities due to the fact that the speed of the information
carrying signal is dependent upon the refractive index which in turn depends on
wavelength of the information carrying signal [2-7]. This gives rise to a wavelength
dependent group velocity delay. Due to the fact that the group velocity delay depends on
the wavelength, different wavelengths will take different time to travel the same distance.
As a result, the optical signal having a finite spectral width spreads in the time domain as
it travels through a single mode fiber. The amount of pulse spread is very important
factor in overall performance of optical transmission system and needs to be calculated.
The dispersion can also be determined by taking into account waveguide dispersion and
material dispersion if a precise value of dispersion is required. Thus in order to find total
dispersion, material dispersion and waveguide dispersion needs to be evaluated and taken
into account.

Four Wave Mixing (FWM) is a kind of non-linear effect in which three signal
frequencies interact with each other in an optical fiber and produce numerous mixing
products. It is the result of the dependence of refractive index of fiber on the intensity of
information carrying light signal traveling along the optical fiber. If three information
carrying signal with frequencies f,, fand f. are incident at the input of fiber, then new
beat frequencies are generated whose frequencies is given by [8]:

fﬂbc:fﬂ-l_ fb_ Jﬁ: (1)
where, (a, b,c=1, 2, 3)

There is increase in number of side bands due to FWM effect and is given by [8]:
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Where N signifies the number of channels available and M denotes a total number of
side bands generated. For example, ten (10) channels produce 450 side bands. Figure 2
demonstrates how FWM mixing products due to channel increases.
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Figure 2. Number of Four-wave Mixing Products [6]
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The FWM power produced at end of optical fiber interaction of frequencies
fu, [ and f.is given by [2]:
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Where n is the refractive index of the fiber, 4 is the wavelength of information carrying
signal, D is degeneracy factor and F,, P,, F. are power values of three input waves. A,z is

the effective area, L. is the effective length, » is the mixing efficiency.
The efficiency of FWM is given by [10]:

- R .
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Where Af is propagation coefficient and can be written as [10]:

Af = Bape + Bz — By — Ba (5)

Here, & denotes propagation constant of light.

3. Simulation Setup

The main goal of this analysis is to determine how channel spacing in wave division
multiplexing and chromatic dispersion coefficient affects the efficiency of FWM in an
optical transmission system. The motive is to use the outcomes of the simulations to
establish a feasible hardware implementation. Simulations are carried out using
Optisystem 7.0 simulation software with a 4 channel WDM system using externally
modulated laser sources on an optical fiber link of length 10 km at 1550 nm central
wavelength. The simulation model used in the analysis shown in Figure 3 and Optisystem
simulation setup is shown in Figure 4.
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Figure 3. Simulation Model
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Figure 4. Simulation Setup

3.1. Transmitter Section

The transmitter section consists of a pseudo-random pulse generator which produces a
stream of 0’s and 1’s at a rate of 2.5 Gbps which are fed to the input of NRZ pulse
modulator. NRZ pulse modulator converts this stream of 0’s and 1’s in the form of
electric pulses having NRZ format. These electrical pulses from the output of NRZ pulse
modulator are fed to the input of Mach-Zender modulator which modulates information
signal with a continuous wave laser. The transmitter section consists of 4 such channels
separated at certain frequency interval.

3.2. Fiber Section

In this simulation 4 WDM channels have been used which are separated from each
other at certain frequency interval. These 4 channels are multiplexed and transmitted into
a single mode fiber of length 10 km. Various non-linearity such as four-wave mixing can
be induced in the simulation using Optisystem 7.0 software. Different parameters such as
chromatic dispersion coefficient, fiber length, and other dispersion parameters can be
adjusted using Optisystem software.

3.3. Receiver Section

The optical signal from the output of the fiber is fed into the input of PIN photodiode
which converts optical information signal into an electrical information signal. An APD
photodiode can also be used in place of PIN photodiode for better performance. The
output of PIN photodiode is fed to low pass Gaussian filter which removes all the high-
frequency noise present in the received signal. At last signal is analyzed using BER
analyzer. In order to analyze optical signal at different stages of the optical link, an optical
spectral analyzer has been used to evaluate frequency spectrum of the signal.

4. Results and Discussions

In this paper, investigation has been done to analyze the effect of variation in WDM
channel spacing and chromatic dispersion coefficient in the efficiency of FWM effect in
optical wave division multiplexing systems using the above-presented simulation setup
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and simulation parameters. Optisystem 7.0 has been used to carry out different
simulations and results have been evaluated on the basis of eye diagrams and input/output
frequency spectrum of the signals. The various simulation parameters used in this
simulation are given in Table no.1.

Table No.1
Serial No. Parameters Value
1. Reference Frequency (nm) 1550
2. Fiber Length (km) 10
3. Dispersion Coefficient (ps/nm/km) 0-4
4, Differential group delay (ps/km) 0.5
5. Effective Area (um2) 50
6. Attenuation (dB) 0.2
7. Laser Frequency (THz) 193.1-193.4
8. Filter Type Gaussian
9. Modulator Type Mach-Zender
10. Extinction Ration (dB) 30
11. Symmetric Factor -1
12. Bit Rate (Gbps) 25
13. Transmitting Power (dBm) 8
14. No of Samples 8192
15. Sample Bit Rate 64

The optical spectrum of the input signal when equal spacing has been used in all the
channels is shown in Figure 5. It can be seen in the frequency spectrum of the input signal
that there are four channels equally placed and there is no other frequency component
present in the spectrum of the input of WDM transmission signal.
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Figure 5. Input Signal Frequency Spectrum
The spectrum of output signals when dispersion coefficients are 0 ps/nm/km, 0.4

ps/nm/km, 4 ps/nm/km are shown in Figure 5, Figure 6. Figure 7 and Figure 8
respectively.
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Figure 6. Output Signal Frequency Spectrum (D= 0 ps/nm/km)
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Figure 7. Output Signal Frequency Spectrum (D= 0.4 ps/nm/km)
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Figure 8. Output Signal Frequency Spectrum (D= 4 ps/nm/km)

From the above simulations results, it can be seen that due to four wave mixing effect
some mix frequencies also known as beat frequencies are produced at the output of
optical fiber. It can also be seen that as the value of chromatic dispersion coefficient is
increased the power levels of beat frequencies is suppressed. When the chromatic
dispersion coefficient is 0 ps/nm/km significant side frequencies are generated which steal
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power from the original information carrying signal as shown in Figure 6. When the value
of chromatic dispersion coefficient is increased to 0.4 ps/nm/km the power levels of side
frequencies are reduced as shown in Figure 7. When the value of chromatic dispersion
coefficient is further increased to 4 ps/nm/km the side frequencies are suppressed to a
large extent.

In this analysis, the effect of channel spacing on the efficiency of FWM has also been
analyzed by observing eye diagrams for both equally spaced and unequally spaced
channels as shown in Figure 9 and Figure 10 respectively.
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Figure 10. Eye Diagram for Unequal Channel Spacing (D=0 ps/nm/km)

From the above simulation results, it can be seen that the efficiency of four-wave
mixing is reduced slightly in case of unequal channel spacing and hence overall
performance of WDM system is improved.

However further suppression of FWM frequencies can be achieved by increasing the
value of chromatic dispersion coefficient as shown in Figure 11.
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Figure 11. Eye Diagram for Equal Channel Spacing (D=4 ps/nm/km)

5. Conclusion

In this paper, the impact of channel spacing in WDM system and chromatic dispersion
coefficient on the efficiency of FWM effect has been analyzed. From the results, it can be
seen that as the value of chromatic dispersion coefficient is increased there is significant
suppression of FWM frequencies and thus improvement in performance of WDM
transmission system. Also, FWM effect in the case of unequal channel spacing is reduced
to a great extent as compared to that of in equal channel spacing. So in order to improve
the overall performance of a WDM transmission system, the unequal spacing in channels
is recommended along with an optimum chromatic dispersion level.
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