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Abstract 

Fiber optic communication has revolutionized telecommunication systems. The need for large transmission capacity has driven 

the rapid development of fiber optic communication. Nonlinear fiber optics plays the important role in the design of such high-

capacity lightwave systems. Nonlinear optics deals with the behavior of light in nonlinear media. Nonlinear effects in the optical 

fiber occurring due to nonlinear refractive index are Self-Phase Modulation (SPM), Cross-Phase Modulation (XPM), Four-Wave 

Mixing (FWM). Nonlinear effects are useful for designing lasers, amplifiers, switches, multiplexers, demultiplexers, logic devices 

etc. But they can limit performances of optical fibers.  Nonlinear effects are reviewed using OptiSystem simulation results in this 

paper.    
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I. INTRODUCTION  

In the all-optical communication system, the signal remains in optical domain between the transmitter and receiver. When the 

optical signal propagates from the transmitter towards receiver, its quality degrades due to obstructions in the physical layer of the 

network. The linear and nonlinear effects of the fiber affect the physical layer of the optical network. Any dielectric medium 

responds nonlinearly to light under the influence of intense electromagnetic fields. Likewise, optical fibers respond nonlinearly to 

light in the presence of intense electromagnetic fields. The terms linear and nonlinear, in optics, refer to intensity independent and 

intensity dependent phenomena respectively. The change in the refractive index of the medium with optical intensity and inelastic 

scattering give rise to nonlinear effects in optical fibers. The intensity dependence of the refractive index is responsible for the 

Kerr effect [1]. Depending upon the type of input signal, the Kerr nonlinearity has three different effects such as Self-Phase 

Modulation (SPM), Cross-Phase Modulation (XPM) and Four-Wave Mixing (FWM). 

II. NONLINEAR REFRACTIVE INDEX EFFECTS 

The origin of nonlinear response to light in optical fibers is related to the motion of bound electrons, which is not harmonic, under 

the influence of an applied field. As a result, the total polarization P induced by electric dipoles is nonlinear in the electric field E. 

It satisfies a more general relation 

P = (1) . E + (2) : EE + (3) ⋮ EEE + … )     (1) 

Here 𝜀0 is vacuum permittivity and j , where j = 1,2,…, is  jth order susceptibility [1]. Nonlinear effects such as SPM, XPM, 

FWM originate due to the third order susceptibility (3). 

 Self-Phase Modulation (SPM) 

Self-phase modulation refers to the self-induced phase shift induced by the optical field during its propagation in optical fibers. 

Higher intensity portions of optical pulse encounter a higher refractive index of the fiber compared with the lower intensity portions 

while it travels through the fiber. The leading edge experiences positive refractive index gradient (dn/dt) and trailing edge 

experiences negative refractive index gradient (-dn/dt). This temporally varying index change results in temporally varying phase 

change. Different parts of the pulse undergo different phase shifts due to the dependency of phase fluctuations in intensity. This 

results in frequency chirping. Hence, SPM results in broadening the spectrum of the pulse keeping the temporal shape unaltered 

[3]. Self-phase modulation plays the role in soliton generation, optical switching, pulse compression. 
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M. S. Koshy, Pratheesh P presented theoretical and simulation studies of fiber nonlinearities. They have investigated power 

effects on simulation of optical communication systems with self-phase modulation using OptiSystem. In the simulation layout of 

SPM, pseudo-random bit sequence generator, Non Return to Zero (NRZ) modulator, continuous wave laser, Mach-Zehnder 

amplitude modulator and Erbium-Doped Fiber Amplifier (EDFA) are connected to form optical communication system. Bit Error 

Rate (BER) analyzer is used to generate and analyze eye diagrams. The transmission rate used is 10 Gb/s, fiber length is 100 km, 

wavelength is 1550 nm and frequency is 193.1 THz. They have found that by increasing the input optical power, self-phase 

modulation grows. The eye diagram is the methodology used to evaluate the performance of the system [4]. They obtained 

simulation results as shown below. 

 Eye Diagram Analysis of Self-Phase Modulation 

In the analysis of SPM, the input power is varied from 10 dBm to 20 dBm and thus obtained corresponding eye diagrams shown 

in figures 1 and 2. 

 
Fig. 1: Eye Diagrams for Self-Phase Modulation for 10 dBm Input Power (Left) and 15 dBm Input Power (Right) [4] 

 
Fig. 2: Eye Diagrams for Self-Phase Modulation for 17 dBm Input Power (Left) and 20 dBm Input Power (Right) [4] 

We can see that the eye opening decreases with increase in transmitted power. Thus by increasing the input power, SPM grows 

and depletes the signal. 

 Cross-Phase Modulation (XPM) 

The cross-phase modulation occurs because the nonlinear refractive index seen by an optical beam depends on the intensity of that 

beam and the intensity of the other copropagating beams. In fact, XPM converts power fluctuations in a particular wavelength 
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channel to phase fluctuations in other copropagating channels. The results of XPM may be asymmetric spectral broadening and 

distortion of the pulse shape. For increased wavelength spacing, pulse overlaps for such a short time that XPM effects are virtually 

negligible. Optical switching, pulse compression, pulse retiming can be done through the XPM phenomenon. 

I. A. Murdas et al. have studied cross-phase modulation (XPM). Simulation to study XPM is done using OptiSystem. The 

dependency of XPM on input power and channel spacing has been verified. Results show that increasing the input power leads to 

growing XPM effect at constant channel spacing and at low channel spacing the XPM effect is significant [5]. User-defined bit 

sequence generators, optical Gaussian pulse generators are used to provide signals on two channels. Multiplexer, fibers are also 

used for designing the system. The main analysis tools taken into account are Quality (Q) factor and BER. Eye diagrams are used 

to evaluate the performance of the system. The important parameters of eye diagram are Q factor and BER. Simulation done is 

shown as follows. 

 Eye Diagram Analysis of Cross-Phase Modulation 

In this simulation, the pump power values supplied at input are 0 dBm and 12 dBm. Fiber length is 50 km. Data rate is set to 40 

Gb/s and channel spacing is 200 GHz. 

a) Effect of input power variation 

 Results at pump power values 0 dBm and 12 dBm are as shown in figures 3 and 4. 

 
Fig. 3: Eye Diagram for 0 dBm Pump Power [5] 

    
Fig. 4:  Eye Diagram for 12 dBm Pump Power [5] 

BER is 7.3×10-7 and Q factor is 4.7 at 0 dBm power. BER is 0.0032 and Q factor is 2.7 at 12 dBm power. Thus, BER increases 

with increasing pump power while the Q-factor decreases with power. Hence it can be concluded that XPM effect increases with 

increase in input power and this degrades the system performance. 

b) Effect of Channel Spacing Variation  

Channel spacing is set to 300 GHz. Then result obtained is shown in figure 5. 
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Fig. 5: Eye Diagram for Channel Spacing Set to 300 GHz [5] 

Q factor obtained at 200 GHz channel spacing is 4.7 and BER is 7.3 ×10-7. Q factor obtained at 300 GHz channel spacing is 6.8 

and BER is 4.05×10-12. Thus, Q factor increases and BER decreases with increase in the channel spacing. Hence it is concluded 

that reducing the channel spacing results in increasing XPM and degrading the signals.  

 Four-Wave Mixing (FWM) 

FWM process arises due to the nonlinear response of bound electrons of a material to an applied optical field. The polarization 

induced in the medium contains linear and the nonlinear terms. The magnitudes of these terms are determined by the nonlinear 

susceptibilities of different orders. The FWM process occurs due to third order nonlinear susceptibility. Figure 6 shows a simple 

example of mixing of two waves at frequencies (or wavelengths) 𝜔1 and 𝜔2. When these waves get mixed up, they generate 

sidebands at (2ω1 - ω2) and (2ω2 - ω1). These sidebands pass along with original waves and reduce signal strength. In general, for 

N wavelengths launched into fiber, the number of generated mixed products M is   

M =
N2

2
(N − 1)  

 
Fig. 6: Mixing of two waves 

The performance of wavelength division multiplexing (WDM) in radio over fiber (RoF) systems is found to be strongly 

influenced by FWM. FWM effects become significant at high optical power levels. Channel spacing must be increased to reduce 

the degradation due to FWM in WDM systems. Due to the decrease in the power level of the signal source, the FWM effect 

becomes nominal [6]. FWM can lead to applications such as wavelength conversion, demultiplexing, squeezing, etc. 

Uddin M. S. et al. have studied the effect of FWM as one of the influential factors in the WDM for RoF using OptiSystem. They 

investigated FWM effect for different parameters such as channel spacing variation, power levels of the signal sources, dispersion 

of the fiber optic, effective area of the fiber optic in using OptiSystem. As the result of the simulation, they found that FWM effect 

can be reduced when channel spacing is increased. FWM effects increase as the optical power from the signal sources is increased. 

FWM products are reduced when the dispersion parameter is increased. They found that the increase in the effective area can 

reduce the FWM [7]. Input power is set to 0 dBm. Dispersion parameter is set to 1 ps/nm/km. The effective area of fiber is set to 

64 m2. The result obtained from the simulation is shown in figure 7. 
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Fig. 7: Optical Spectrum at the Output Channel When the Channel Spacing Is Set to 0.1 nm and Input Power Is 0 dBm [7] 

 Effect of Channel Spacing Variation 

Figure 8(a) shows the signal at the output of channel when the channel spacing is set to 0.2 nm. Figure 8(a) demonstrates that 

sideband power is approximately -72 dBm. Figure 8(b) shows the signal to the output of channel when the channel spacing is set 

to 0.5 nm. In figure 8(b) sideband power obtained is approximately -87 dBm. 

 
Fig. 8(a): Optical Spectrum at the Output Channel When the Channel Spacing is Set to 0.2 nm [7] 

 
Fig. 8(b): Optical Spectrum at the Output Channel When the Channel Spacing is 0.5 nm [7] 

From above simulation results, it is clear that if spacing among channels is increased then FWM effect gets reduced resulting in 

reduced sideband power.  



Analysis of SPM, XPM, and FWM in Fiber Optic Communication using OptiSystem  
(IJSTE/ Volume 2 / Issue 07 / 032) 

 

 All rights reserved by www.ijste.org 
 

141 

 Effect of Input Power Variation 

In this simulation, the power level of the input sources has been varied from 0 dBm to 20 dBm while other parameters such as the 

dispersion and the effective area kept unchanged. The result obtained from the simulation when the input source power is set to 10 

dBm is depicted in figure 9(a). The simulation result when the input source power is set at 20 dBm is given in figure 9(b). 

 
Fig. 9(a): Optical Spectrum at The Output of the Fiber When Input Power is 10 dBm [7] 

 
Fig. 9(b): Optical Spectrum at The Output of the Fiber When Input Power Is Set to 20 dBm [7] 

The results show that when the power level is increased as 0 dBm, 10 dBm, 20 dBm, the effect of the FWM becomes severe as 

shown in figures 7, 9(a) and 9(b) generating more mixing products.  

 Effect of Increased Dispersion of the Optical Fiber 

Now, dispersion parameter is set to 16.75 ps/nm/km at the input power of 0 dBm. The simulation result is shown in figure 11. 

 
Fig. 10:  Optical Spectrum at The Output of the Fiber When Dispersion Parameter Is Set to 16.75 ps/nm/km [7] 
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The result in figure 10 is compared with the result obtained at the same power level and dispersion of 1 ps/nm/km shown in 

figure 7. These results show that the FWM products are reduced when the dispersion parameter is increased. 

 Effect of Increased Effective Area of the Optical Fiber 

The result obtained at the end of the fiber where the power level set at 0 dBm and the increased effective area of 76.5 m2 is shown 

in figure 11. It is compared with figure 7 in which the effective area is set at 64 m2.  

 
Fig. 11:  Optical Spectrum at The Output of the Fiber the Effective Area of the Fiber Optic Is Set at 76.5 m2 [7] 

 It is found that the increase in the effective area can reduce the FWM effect thereby reducing mixed products. 

III. SUMMARY 

Nonlinear effects should be considered while designing optical fiber communication systems. SPM, XPM, FWM affect capacity 

of systems and degrade signal quality. But nonlinear effects can be used in solitons generation, pulse compression, wavelength 

converters, amplifiers, lasers, etc. By increasing the input power, SPM grows and depletes the signal. Increasing the input power 

leads to increase XPM effect at constant channel spacing and low channel spacing the XPM effect is significant. Signal pulse is 

also distorted due to FWM. The increase in input power and the decrease in parameters such as channel spacing, effective area, 

and dispersion worsen FWM effect. So the parameters increasing adverse effects of nonlinear phenomena, mentioned above, 

should be selected appropriately. OptiSystem is efficient tool to study balancing of nonlinear effects. 
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