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Abstract 
 
In this paper the effect of linear/nonlinear impairments in a WDM system at different 
dispersion regimes was evaluated. Q-Factor penalty metrics were developed for each 
wavelength channel in 16-Wavelength Division Multiplex (WDM) system. The maximum 
optical reach a lightpath can attain before its Q-factor degrades below a certain threshold 
was assessed. Two modulation techniques, On/Off Key - Return to Zero (OOK-RZ) and 
Differential Phase Shift Key-Return to Zero (DPSK-RZ) were employed for data rates of 
10 Gbps and 40 Gbps respectively. Using these modulation techniques and data rates, 
symmetric link design at different dispersion compensation modules employing Single 
Mode Fiber along with Large Effective Area Fiber was studied. The results showed that 
optical impairments are wavelength dependent. Dispersion compensation is the dominating 
factor that constitute major share in quality deterioration in the system based upon 
symmetric link design. Even with ideal dispersion compensation, each wavelength in a 
WDM system showed distinct output Quality Factor. 
 
Keywords: OOK-RZ, DPSK-RZ, Dispersion, Wavelength Division Multiplexing, Linear 
Impairments, Non linear Impairments. 
 
 

1. Introduction 
 

With the advent of vast majority of advanced optical lightwave components, 10 Gbps and 
40 Gbps per wavelength channel optical WDM systems are increasingly being deployed by 
the service providers to overcome the huge traffic demands [1]. No doubt, 10 Gbps and 40 
Gbps WDM networks offer higher capacities but at the same time, the system has also 
become quite complex [2]. As a general rule, the effect of linear/nonlinear impairments 
increases with the data rate[3]. If considered in isolation, linear impairments are 
comparatively easier to handle but the combined effect of linear impairments and nonlinear 
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impairment becomes very complex and requires sophisticated models for approximation. 
Also, it has already been established that higher data rates require increased spectral 
efficiency [4] and the required spectral efficiency can be achieved by using advance 
modulation formats. Nonlinear impairments in optical fiber are typically wavelength 
dependent. Different wavelength channels behave differently over a same fiber link 
covering a same distance [5]. Even the amount of residual dispersion can vary from 
wavelength to wavelength. So in this paper we have evaluated the effect of linear and 
nonlinear impairments on different wavelength channels, uniquely, in a WDM setup. We 
also studied the effect of input power applied and how each wavelength channel performed 
with respect to varying number of optical spans while using different dispersion regimes on 
a link design employing different types of fiber. A symmetric dispersion compensation link 
configuration was assumed with Return to Zero On-Off keying (OOK- RZ) and Return to 
Zero Differential Phase Shift Keying (DPSK-RZ) as the two modulation formats for 10 
Gbps and 40 Gbps data rate, respectively. Comprehensive numerical simulations using 
Optisystem 12.0 software were carried out to understand various parameters affecting the 
optimal working conditions. 
 

2. System Setup 
 

The system setup used is as shown in Fig1. Erbium doped fiber amplifiers (EDFAs) 
provided periodic amplification. The symmetric link design employed is as shown in 
Fig1[6]. Power lost in a given fiber length within an optical span is fully compensated at 
the subsequent EDFA. A pre-compensation module (DCF) is inserted before the first single 
mode fiber (SMF). The amount of pre compensation induced by first DCF is fully 
overcame in first SMF. After attenuation compensation through EDFA, the lightpath is 
made to travel in another SMF length. This time a positive dispersion coefficient induced in 
SMF is post-compensated at another DCF fiber installed after the second SMF. Hence the 
second DCF fiber constitutes post compensation within each optical span. Under given  
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conditions, the symmetric compensation fully compensate dispersion on span to span basis. 
An ideal multiplexer with non zero insertion loss, multiplex the different wavelength 

channels at the transmitter. Similarly, the channels were demultiplexed at the receiver before 
being fed into tunable filters. The filter output was detected using a photodetector. Two fiber 
types have been used for evaluating the system. These were standard mode fiber (SMF-28) and 
large effective area fiber (LEAF). The amount of CD induced in a fiber span is given by [7] : 

 
where, D is the dispersion coefficient at a given wavelength channel λ , SD is the zero 
dispersion slope (ps/(nm2 km), λo is the zero dispersion wavelength and λ is the operating 
wavelength. Two different dispersion regimes were made applicable on symmetric link design. 
The first one was the case when dispersion values were unique to each wavelength (Fig 2(a)) and 
each wavelength undergoes different dispersion and dispersion compensation in SMF and DCF 
modules respectively. In order to account for different dispersion coefficients at different 
wavelengths, variable dispersion maps were provided through an input file to the model. In the 
second case constant dispersion and dispersion compensation was made applicable across all 
wavelength channels such that the residual dispersion after each span was zero. Along with this 

 
Dispersion slope was also fully compensated in the second case. In order to compare the 
degrading sources and their effect on different wavelength channels, we began by considering 
single channel operations. Obviously the interchannel impairments were zero in this case and the 
only impairments that have to be considered were intrachannel impairments. Two modulation 
techniques were applied, OOK-RZ for 10 Gbps and DPSK-RZ for 40 Gbps. 

..----.  1 
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3. Simulation model 
 

There were two types of modulation formats considered for simulations, OOK-RZ for 10 Gbps 
data rate and DPSK-RZ (33%) for 40 Gbps data rate. Table 1 and Table 2 lists some of the 
important parameters used for both type of modulations. While analyzing WDM, 16 channels 
from 1544.2 nm (193.1 THz) to 1556.3 nm (192.6 THz) with 100 GHz channel spacing are used. 
Power of each channel was fixed at 2 dBm with the noise figure associated with each EDFA  
 

 
 
being 4 dB. Similarly Table 2 lists the different dispersion and noise generating parameters used 
while evaluating the two modulation techniques for quantifying the effect of impairments. For 
the partial dispersion compensation regime, the length of SMF fibers within a span is 40 Kms 
each. The length of DCFs was fixed at 8 Kms each (Fig. 2a). The attenuation coefficient of SMF 
and DCF is 0.2 dB/km and 0.5 dB/km, respectively. Dispersion coefficient of SMF and the DCF 
module, varies with each wavelength channel (input to model through separate file) while 
generating different dispersion map for each wavelength channel in partial dispersion 
compensation case. In full dispersion compensation case, the corresponding length of DCF for 
full dispersion compensation comes out to be 7.55 Km for SMF and 1.67 Kms for LEAF.  The 
LEAF fiber was typically employed in case of 40 Gbps DPSK - RZ modulation WDM system 
due to increased effect of nonlinear impairments. The other major system parameters as 
applicable in Optisystem 12.2 software design are tabulated with general approach being to 
include all linear/nonlinear impairment parameters and evaluate their combined effect on 
each wavelength. 
 

4. Results 
 

4.1. OOK-RZ 
 
First analysing the single channel operation at 10 Gbps data rate using OOK-RZ. The achieved 
system Q-Factor is plotted against the varying input parameters. For single channel operation, 
the received Q-Factor for variable input power is as shown in Fig. 3. The wavelength channel 
studied was 193.4 GHz that is the center wavelength as used in WDM system analysis, later on. 
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Fig. 3a shows the output Q-Factor for partial dispersion compensation regime with some residual 
dispersion in each optical span. For smaller span numbers, Q-Factor increased almost linearly 
with the input power but as the number of spans increased beyond a point, output Q-Factor 
decreased with increasing input power [8]. As can be seen from 2 dB input, the Q-Factor 
achieved after 20 spans is greater than the corresponding Q-Factor value when input power is 4 
dB. The impact of linear/nonlinear impairments for larger input power while covering a longer 
distance is more as compared to lower input power. The linear impairment increased because of  

 
 
 

 
 
the residual dispersion which kept on adding with the number of optical spans covered by the 
lightpath. Also at increased input power the effect of intrachannel nonlinear impairment (self 
Phase Modulation) was more. For full dispersion compensation the wavelength channel 193.4 
THz behaved differently as compared to partial dispersion compensation case (Fig. 3b). Due to 
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ideal dispersion compensation, the output Q-Factor increased for 4 dB input power even when 
the number of optical spans covered was large. As far as the SMF and LEAF performance over 
full dispersion compensation is concerned, LEAF performed better at increased number of 
optical spans (Fig. 3c). 
 The results obtained in 10 Gbps WDM system employing OOK-RZ and with 16 
wavelength channels is discussed in the following section. First starting with 16-WDM OOK RZ 
system with partial dispersion compensation and variable dispersion maps unique to each 
wavelength channel, Fig.4 depicts the performance of first (194.1 THz), central (193.4 THz) and 
last (192.6 THz) wavelength channel in WDM setup. The central channel at 193.4 THz 
performed best of the three when the number of optical spans covered was less. The amount of 
residual dispersion on 193.4 THz helped in reducing the effect of nonlinear impairments like 
SPM, XPM, FWM etc. But as the number of spans keeps on increasing, the last channel (192.6 
THz) gave better Q-Factor values than the others. The last channel has lowest residual dispersion 
per span so the accumulated dispersion was less during initial optical spans. With increasing  
 

 
 

number of spans the cumulative residual dispersion kept on increasing thereby mitigating the 
effect of nonlinear impairments[9]. Fig.4 depicts the characteristics of the three channels for both 
SMF and LEAF fibers employing ideal dispersion and dispersion slope compensation with zero 
residual dispersion. For SMF the central channel performed worst as the effect of nonlinear 
impairments like SMF, CPM and FWM on central wavelength was greater than the first and the 
last channel. Though all three wavelength channels are ideal dispersion compensated still there 
exists a difference between the output Q-Factor of the three. So for the purpose of routing each 
wavelength channel should be uniquely accessed depending upon the network conditions 
prevailing at a given time. Fig.4 also depicted the performance of same three channels over 
LEAF fiber. The output Q-Factor using LEAF fiber was much greater than that of SMF. It was 
due to reduced effect of nonlinear impairments in LEAF as compared to SMF. 
 From the above analysis we can conclude that each wavelength channel behaves uniquely 
within a fiber. Although, the dispersion coefficient played an important part in the resulting 
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linear and nonlinear impairments induced in the WDM system but it was not the only factor. 
Even if ideal dispersion compensation with zero residual dispersion per span was made 
applicable across all the wavelength channels, the achieved output Q-Factor varies from 
wavelength to wavelength. Under given conditions, while covering a given number of optical 
spans, a particular wavelength channel gave the best output Q-Factor as compared to all other 
channels. Looking at the output Q-factor values for different wavelength channels, we can 
conclude that OOK-RZ modulation worked satisfactorily for 10 Gbps data rates for 16 WDM 
system employing SMF as well as LEAF link. In all cases, up to 20 optical spans, the output  
Q-Factor remained greater than 6. 
 

4.2. DPSK-RZ 
 
Differential Phase Shift Keying- Return to Zero (DPSK-RZ) with duty cycle of 33% was 
evaluated for traffic demands at data rate of the 40 Gbps. Similar to OOK-RZ for 10 Gbps, the 
40 Gbps is first analyzed for single channel operation and than for 16-WDM system using 
Optisystem 12 software at different dispersion regimes as were applied in 10 Gbps OOK-RZ 
case. Fig.5 depicts the effect of input power on single channel operating at 193.4 GHz. Now as 
the input power on 193.4 THz increases from -4 dB to +2 dB, the output Q-Factor increases if 
the numbers of optical spans covered are 5 only. The output Q-Factor decreases for +4 dB input 
power. Similarly if the optical spans covered are 10, the input power of 2 dB gives the maximum 
output Q-Factor. It happened because the residual dispersion on the channel keeps on adding 
with each optical span causing the linear impairment. Also if the power of signal was high while 
covering a longer distance, the effect of nonlinear impairments will be more. Along with this, the 
output Q-Factor resulted after 15 optical spans is less than 6 which implies that  
 

 
 
either the dispersion map or the link design or both should be optimized for achieving the optical 
reach greater than 15 optical spans of 80 Kms each. The single channel operation for zero 
residual dispersion per span and with ideal dispersion slope compensation using SMF as well as 
LEAF is as shown in Fig.5. With zero residual dispersion in SMF, same 193.4 THz wavelength 
channel performed much better than first case. The Q-Factor value reduces with number of 
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optical spans with best results across all the four spans achieved at 2 dB. The output Q-Factor 
improved further with the use of LEAF. Due to large effective area, the effect of intrachannel 
nonlinear impairments was not as prevalent as in the case of SMF and the output Q-Factor 
achieved for LEAF fiber after 20 optical spans is much greater than that in SMF. Again the input 
power of 2 dB gave maximum output Q-Factor. 
  The following section analyze the performance of different wavelength channels in 16-
WDM system setup using DPSK-RZ(33%) modulation on each channel operating at a data rate 
of 40 Gbps. First considering the partial dispersion regime with variable dispersion maps. Fig.6 
depicts the output Q-Factor for the first (194.1 THz), central (193.4 THz) and last (192.6 THz) 
channel. As residual dispersion per span is greater in first channel, its performance degraded 
sharply with increasing number of optical spans. Fig.6 showed the performance of three channels 
on different dispersion regimes using both SMF and LEAF fiber links.  
 In Fig.6a depicts the difference between the output Q-Factor of the three channels for 
partial variable dispersion compensation regime. Due to higher residual dispersion per span on 
194.1 THz, the Q-Factor output came out to be less than 6 even when optical spans covered were 
only five. Under the same conditions, the last wavelength channel at 192.6 THz having better 
dispersion compensation covers around 15 optical spans before reaching the minimum Q-Factor  
 

 
limit of 6.  
 Besides the noise generated due to different dispersion coefficients per wavelength, other 
impairments like EDFA noise, fiber nonlinearities etc also affects each wavelength distinctly. 
This was verified in the following section where constant dispersion maps across all the 
wavelength channels were employed. Fig.6b depicts a large difference in Q-Factor output of the 
three channels as existed in partial dispersion compensation regimes get reduced to a large 
extent.  For smaller number of spans the performance of the three channels overlaps one another. 
But as the number of optical spans covered goes pass 10, the difference in performance started to 
emerge. The central channel performance degraded with last channel at 192.6 THz gave 
maximum output Q-Factor after 20 optical spans.  
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 Similar to SMF, the constant dispersion maps for LEAF fiber link gave similar output Q-
Factor curves for the three channels when the distance covered is small as depicted in Fig.6c, the 
central wavelength channel at 193.4 THz performed worse. As the number of spans kept on 
increasing the central channel performance degraded the most. Fig.7 showed the maximum 
optical reach for each wavelength channel in 16 WDM system such that the output Q-Factor is 
greater than 6. It depicts that the for partial dispersion compensation regime some wavelength 
channels have optical reach of 400 Kms only, for example, 194.1 THz covering 5 spans of 80 
Kms each. Whereas, some wavelength channels like 192.9 THz can cover 25 optical spans 
before its Q-Factor degrades below the value of 6. In fully compensated dispersion regime, the 
variation in optical reach of each wavelength don't varies as severely as in the first case but some 
wavelength channels have greater optical reach than the others. Looking at the LEAF fiber 
symmetric link, the optical reach at each wavelength channel is even more constant. The optical 
reach of each wavelength channel easily surpasses its counterpart in SMF link under similar 
conditions. This is the result of less number of EDFAs in LEAF symmetric link design and the 
reduced effect of nonlinear impairments due to large effective area. 
 

 
 

5. Conclusion 
 

In a optical WDM system employing symmetric link design with pre and post dispersion 
compensation modules, the effect of linear and non linear optical impairments deteriorate each 
wavelength channel distinctly. Though managing the amount of dispersion induced into the 
system is an important factor to determine quality associated with each wavelength channel but it 
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is not the only factor. The various linear/non linear impairments in optical WDM system are 
wavelength dependent and each wavelength channel should be uniquely accessed for quality 
measurements. 
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