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Abstract

For all optical Wavelength Division Multiplexing (WDM) network based on G.653 fibers, we investigate the
quality factor deterioration due to combined nonlinear effects and Amplified spontaneous emission (ASE)
noise for system parameters based on ITU-T Recommendation G.692. The investigation: 1) emphasizes on
stimulated Raman scattering (SRS) and four wave mixing (FWM) effects which are the dominant nonlineari-
ties known to limit WDM system performance and 2) accounts for beating between nonlinearities and beat-
ing between ASE noise and nonlinearities. Using the proposed model, performance of the worst affected
channels due to SRS and FWM is compared and the results indicate that the worst affected channel due to
SRS performs better and hence must be preferred for reliable and efficient transmission over the worst af-
fected channel due to FWM. Further, the results suggest that to achieve a desired error rate (quality factor);
there exists an optimal value of channel spacing for a given number of channels. The proposed theoretical
model is also validated through extensive simulations over Rsoft OptSim™ simulator and the two sets of
results are found to match, indicating that the proposed model accurately calculates the quality factor of the

all optical WDM network.

Keywords: Amplified Spontaneous Emission (ASE) Noise, Four Wave Mixing (FWM), Optical Star
Network, Stimulated Raman Scattering (SRS), Wavelength Division Multiplexing (WDM)

1. Introduction

Optical communication based on Wavelength-Division
multiplexing (WDM) is progressing at an astonishing
rate due to the possibility of high transmission capacity.
In WDM systems, the entire optical bandwidth is divided
into a number of channels centered at different wave-
lengths that allows many light beams of distinct wave-
lengths to be simultaneously sent into the core of the
fiber [1]. Thus, WDM systems dominate long-haul and
ultra-long-haul networks due to both performance and
cost advantages. Erbium-Doped Fiber Amplifiers (ED-
FAs) are used to compensate signal attenuation in long-
distance transmission, thus allowing high-data rate trans-
mission over a long distance. The high optical power
level available from EDFAs leaves the system perform-
ance more vulnerable to various nonlinear effects [2].
Attempts made to utilize the large bandwidth provided
by the optical fiber along the WDM links are hindered by
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the accumulation of fiber nonlinearities and amplified
spontaneous emission (ASE) noise due to EDFAs [3],
thus making the performance limitations imposed by
these effects an important area of study. Among the fiber
nonlinearities known to limit the throughput of the
WDM transmission system, stimulated Raman scattering
(SRS) and four-wave mixing (FWM) are the dominant
effects [4]. Figure 1 shows the power representation due
to FWM and SRS effects as it appears at the output when
3 channels with equal powers at wavelengths 4, 4, and A3
respectively are the input to an optical fiber WDM sys-
tem.

The two conventional limiting factors in the design of
WDM systems, namely, fiber loss and dispersion, are
relatively well understood, and can be easily overcome
by optical amplifiers and dispersion compensation. The
influence of fiber nonlinearities on the other hand, have
not been fully analyzed and understood despite a rich
collection of literature involving extensive studies deal-
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Figure 1. SRS and FWM impairments in an optical WDM network as a limiting power degradation factor.

ing with the nonlinear effects on system performance
[5-12]. Also, most investigations of nonlinear effects on
WDM systems have primarily been done independently
of each other i.e. most works focus on the individual
effects of nonlinearities and ASE noise on various sys-
tem parameters.

The transmission engineering of high speed and
wavelength-rich WDM networks though, requires an
in-depth understanding of the collective nonlinear ef-
fects and their interplay with the accumulated ASE
noise in order to identify their impact on Q-factor and
to reliably conclude on the system penalty. Few works
consider the combined effects of nonlinearities in the
presence of ASE noise on WDM system performance.
Djordjevic [13] derived simple expressions to study the
transmission limitations imposed by SRS, FWM and
ASE noise in a WDM system with dispersion compen-
sated links using inline optical amplifiers. The results
are presented for data rates of 2.5 Gbps and 10 Gbps
with different dispersion compensation maps and the
maximum possible transmission distance in terms of
various system parameters is discussed. The study,
however, ignores the beat terms that arise due to optical
nonlinearities themselves, as well as the beating be-
tween nonlinearities and the ASE noise and assumes
that no channel suffers more than 1 dB signal power
depletion due to SRS.

Yu and Mahony [14] have studied the transmission
limitations imposed by the combined effect of SRS,
FWM, ASE noise and fiber dispersion. The optimum
values of amplifier spacing, number of wavelength
channels and channel spacing are calculated at the data
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rate of 2.5 Gbps. The analysis considers FWM and SRS
effect with emphasis on the former and concludes that a
compromise is needed between conflicting requirements
imposed by FWM and SRS effects in terms of channel
spacing for a given number of channels to maximize the
transmission distance. The authors have performed the
analysis to evaluate the transmission distance limitation
as a function of various system parameters ignoring the
beating between ASE noise and the nonlinearities.

Tariq and Dhodhi [15] evaluated the limitations on
long-haul WDM network due to SRS and ASE noise and
have drawn the conclusion that the total link length is
determined by the signal-to-noise ratio of the worst af-
fected channel due to SRS while the total link length can
be increased by reducing the optical amplifier gain, thus
increasing the number of amplifiers. The study reports
the results for BER of the channel worst affected by SRS
but ignores the effect of FWM.

Singh, Kar and Jain [16] made a comparative study of
various amplifier configurations considering FWM and
concluded that the placement of optical amplifier as an
inline amplifier is the optimal position as it requires
minimum power for a given probability of error. An ex-
tension to the study in [16] is presented by the same au-
thors in [17] where the effect of FWM, ASE noise and
wavelength converter noise on the performance of WDM
all-optical networks is investigated. The results indicate
that in presence of FWM, after a certain power level, the
performance of the all-optical network starts degrading.
The analysis for the evaluation of probability of error has
been carried out in the absence of SRS effect.

Singh and Iyer [18] have analyzed the performance of
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an optical star network considering the combined effect
of FWM and SRS noise. It was observed that the net-
work performance depends on FWM noise and power
received at the receiver due to SRS. An intensity-modu-
lated/direct-detection (IM/DD) system with N equally
spaced channels is considered for the analysis that takes
into account the beating between SRS and FWM but
does not account for their interplay with ASE noise.

In this paper, we present an extension of the work in
[18] and develop a mathematical model to evaluate the
performance of an optical star network considering the
combined effect of FWM, SRS and ASE noise. We con-
sider an intensity-modulated/direct-detection (IM/DD)
system with N channels which are equally spaced and
have equal power. Since the number of channels is large,
the effect of SRS is assumed to be deterministic and the
Raman gain profile is assumed to be triangular [4]. The
novelty of the work is that our model accounts for beat-
ing between nonlinearities and beating between ASE
noise and nonlinearities. Further, the developed model is
used to compare the performance of the worst affected
channels due to SRS and FWM based on ITU-T G.692
Recommended parameters.

We performed extensive simulations over Rsoft
OptSim™ simulator in order to to validate the theoretical
results which were obtained using the proposed model. It
has to be mentioned that these simulations were very
time consuming, more than 1 week on a dual core 2.20
GHz computer with 1 GB of RAM just to measure the
Q-factor at different transmitted power values for a spe-
cific channel separation. With increase in system length,
the simulation time increased considerably. Keeping in
view the long simulation time, we set the value of length
of the fiber between star coupler to 120 km as mentioned
in Table 1. It has to be pointed out that even if the length
is altered, the conclusions derived from the obtained re-
sults will remain the same. The reason for this can attrib-
uted to the fact that when length of the fiber is increased,
FWM generated components will also increase and will
interact considerably leading to FWM becoming the
more dominant effect compared to SRS, as a result of
which the worst affected channel due to FWM will give
degraded performance compared to the worst affected
channel due to SRS. Also, it has been shown experimen-
tally in [4] that when three equally spaced channels with
modest power level of 3 mW respectively are launched at
the input of a short 25-km dispersion-shifted fiber (DSF),
substantial impairment due to FWM occurs. Therefore,
when the length is decreased, FWM will still be the
dominant effect. Hence, the conclusions derived in this
paper will apply to all optical WDM systems with any
arbitrary chosen value of system length.
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The paper is organized as follows. Section 2 describes
the system model. In Section 3, we present the mathe-
matical model to evaluate the performance of the all-
optical star network in terms of Q-factor when FWM,
SRS and ASE noise are present and the worst affected
channel is due to SRS. Section 4 presents the perform-
ance evaluation of the network when FWM, SRS and
ASE noise are present and the worst affected channel is
due to FWM. The simulation model setup to validate the
results from the theoretical approach is described in Sec-
tion 5. Finally, Section 6 discusses the numerical results
and the conclusion.

2. System Model

The network shown in Figure 2 consists of two passive
star couplers, one at the transmitter and the other at the
receiver.

The star couplers distribute the input power equally
among all the N output ports. The optical fiber consid-
ered is a single mode non-zero dispersion shifted fiber
with dispersion and attenuation values of 17 ps/nm-km
and 0.2 db/km respectively. The amplifier is used as an
inline amplifier and is considered to have a uniform gain
G over the optical bandwidth By. Apart from amplifying
the signal, the amplifier will also generate ASE noise.
When the ASE noise and signal are incident on a photo
detector at the receiver, the noise beats with itself and
also with the signal. As a result ASE-ASE, ASE-signal
and ASE-shot beat noise components are generated.
Since our analysis also accounts for FWM, ASE-FWM
beat noise component will also be generated. Each re-
ceiver receives the signal on all the wavelengths and the
optical filter is used to filter out the required wavelength.
The received signal is then detected with the help of a

photo detector. Let Pé(;)( ) represent the signal power at

the Istreceiver at frequency f; and P:Q( ) represent the
SRS(s.J

signal power at the j™ (center) receiver at frequency /- Let
P, denote the transmitted power. Data bits “1” and “0” are
transmitted as a “mark” and “space” respectively and the
signal power for bit “0” has been assumed to be zero.
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Figure 2. Optical star network with amplifier.
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3. Performance Evaluation of the Worst
Affected Channel Due to SRS Considering
the Combined Effect of FWM, SRS and
ASE Noise

The effect of SRS will cause the power of the 1st channel
to be transferred between channels 2 to N. Thus, maxi-
mum power will be depleted from the 1st channel due to
SRS. The combined effect of FWM and ASE noise on
this channel will further degrade the signal quality.
Hence, the Ist channel is considered for performance

evaluation in this section. The signal power PS(;S)( 0 at the

Ist receiver in terms of transmitted power P, is given by
Pi3.1y (dBm) =P, (dBm)— P (dBm)+G(dB)
—a(L+L,)-2L,-7L

w» (1)
—2L,,-20Log N

where P represents the depleted power, o the fiber loss
coefficient in dB/km, L, the splicing loss (at splices
marked as “/” in Figure 2), L. the loss due to
non-uniformity in power splitting by the star coupler and
L,; the total insertion loss of the star coupler. In (1), P
is given as

v &J(i—l)PAfgpLe_[ﬂOlog,oem @

P (dB) = Z(Z T i

The total electric field at the receiver will be given by

E(t)= Bmlzps(g(x,l) cos(wit)
+\/2PF(;3M cos(a)lt—HFWM) 3)
M
+ > \J2P,6vcos((wt +2mkov)+ g, )
k=—M

where ¢, is a random phase for each component of spon-
taneous emission. In (3), the first term is the electric field
due to signal component while the second and third
terms represent electrical field due to FWM and ASE
L, =S, B,

noise respectively. In the above expression, £,

B . . .
and M = 250 . The receiver current for bit “1” 1;(t) (i.e.
v

B;=1) is given by
i (t)=RE*(2) 4)
where Equation (5).
In the above equation, Sy, represents the power spec-
tral density of ASE noise and is given by
_n, (G-1)hy
sp T

ar

(6)

wheren,,is the spontaneous emission factor and ranges
from 1.4 to 4 for EDFA. The parameter L, represents the
loss for the ASE noise between amplifier and the re-
ceiver and is given as

L,(dB)=alL,+4L, +L, +L,+10logN (7)
or

sp

L, =10[ 0

aly+4Lg, +L,,+L;+10log N]
(®)

In (5), first term represents the signal. The second term
gives rise to ASE-shot beat noise and ASE-ASE beat
noise, third term ASE-signal beat noise, fourth term
FWM-ASE beat noise and fifth term FWM-signal beat
noise respectively. The third, fourth and fifth terms have
zero mean. The receiver current for bit “1” will be the
sum of currents due to individual components and ther-
mal noise. Hence, the mean value of current i,(t) repre-
sented as <i(1)> is given by

(i) = R, + RS, By ©)
The noise variance for bit “1” is

o’ (1) = 2eR,Pizs . ,B. + 2eR,S, B, B,

spTe
+ 4R021§£;(S,1)Ssp38 + R02Ss2p [2BeBo - Bez]
+2R (P4, (0)S,, B, + RIP ., (P, ()
+4K,TB, /R,

where B, is the ideal electrical filter bandwidth in the
receiver and Equation (11).

M 2
RyE* (1) = ROPS(;;(M) [1+cos(2mit) ]+ 2R0Ssp§1{ Y. cos((@t+2mkdv )+, )}

M
+4R) > (, IPS(;;(X,”SW(S'V cos(awt)-cos ((a)lt +27kSV) + ¢, ))
k=M

©)

4R (P 0-5,00) 37 (cos(@t~ Oy )-cos((ayt + 2k57 ) +4))

k=M

+4R, PS(I';;(S’I)P;;EM (1) cos(ayt)cos(at — By, )
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Z pkll

4 k#l#m=1

(i )2 Ly
(11)

The expression for Ry E*(t) when bit “0” (i.e., B,= 0 and
P”=0) is transmitted is given as

RyE* (1) = Pl (0) R,
M 2
+ ZROSW&{ > cos((myt +2mkdv)+ g, )}
k=M
+4R, [P (0)S,,6v

M
[ > cos(@yt = Opyy, )-cos((@yt +2mkSv )+ @, )}
k

=M
(12)
Hence, the mean value of current iy(t) represented as
(i(0)) is given by

(i(0))= R, (P, (0))+ R,S,, B, (13)

where [16]

(P (0)) = [

The noise variance for bit “0” is

Z p klm

8 k#l#m

Z pkkm} (14)

k=l#m

200\ 2 2
o (0) =0 ysp-shot T O usp—ase T

O-I%“WM—FWM (0) + O-I%‘WM—ASE (0) +
4KBTBC/RL

(15)

In (15), G7yp_pin (0) has the terms in order of
(Pk(l;f) which is very small and can be neglected. Thus
o”(0)=2¢R,S,,B,B, + R,’S,, | 2B,B, - B] |+ 16
Om-asi (0)+ 4K, TB, /R,

where
UI%“WM—ASE(O) 4R < [f";/)M (0)>'SspBe (17)

The probability of bit error, which specifies the aver-
age probability of incorrect bit identification, is given as
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ratio to achieve a specific probability of bit error. The
Q-factor is given as

0- (i) (i(0))

[o(1)-c(0)]

For probability of error of 10, value of Q is 6. Sub-

stituting (i(1)), (i(0)) from (9) and (13) into (19), we
obtain Equation (20).

Once o(1) and o(0) are known, PSRS(S ) can be deter-

mined for a given Q (or P,) from (20). With this value of

P(r)

SRS(s,1) 2

(19)

, corresponding P, can be determined from (1).

4. Performance Evaluation of the Worst
Affected Channel Due to FWM
Considering the Combined Effect of
FWM, SRS and ASE Noise

Since maximum number of FWM components are gen-
erated at the central channel [11], the worst affected
channel due to FWM will be the central channel. Let the
™ channel represent the central channel. Hence, the cen-
tral (j') channel is considered for performance evaluation
in this section. The effect of SRS at the j™ channel leads
to power reception from channels 1 to j — 1 and power
transfer to channels j + 1 to N. The depleted and the
gained powers represented as P and P, are given as

N PAfg L. 10lo
R(dB) — z i ( ) fgp13eff glO ”i (21)
S\ 4 3x107 4,
and
i—1)PAfg L .10lo
P (dB) Z( ) fgpl;jf glO 1{ (22)
Py 3x10
respectively. The signal power Ps(z'e;( ;) at the j” re-
ceiver will be
P, (dBm) =P (dBm)—P (dBm)+ P, (dBm)
+G(dB)-a(L +L,)-2L, (23

-7L,-2L,—-20Log N

The total electric field at the receiver in this case is

[3] given by

b= lerfc (im)—(i) (18) E(t)=B, 1[21175(,&( P cos(a) t) +42P0) cos(a) t— HFWM)
27| [e()-o(0)]V2 v
) ) ] + 2P, 6v cos((a)/.t+27tk5v)+(pk)
The Q-factor specifies the performance in an optical k=M ’
communication system as it is related to signal to noise 24)
R pPY 2R P(l’ 1 Pk(l:n) 1 Pk(krrz
0% SRS(s,1) 01 SRS(s,1) 3 kz PO + Z Z pi)
#l#m SRS(s,1) k=l#m SRS(s,1) 20
0= 20)
o(1)+o(0)
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where the first term is the electric field due to signal com-
ponent while the second and third terms represent the elec-
trical field due to FWM and ASE noise respectively.

The mean value of current for bit “1” is given by

(i(1))= RoPy(o + RSy By (25)
The noise variances for bit “1” is
o’ (1) = O-éignal + O-fISE—Shat +0o flSE*Signnl + O-jSE—ASE
2 2 2 (26)
+ O ryns —signal (1) + O rwpr—ase (1) + O rhermal
or
o* (1) = 2eR, Py , B, +2€R,S,, BB,
2 p(r) 2 _p2
+4R} P, S, B, + RS, [ 2B,8, - B] | on
+R0})3£R2'($ J) <PI£WM ( )>+2RO < FWM ( )>SspBe

+4K,TB, /R,

The expression for Ry E*(t) when bit “0” (i.e., B,= 0
and P =0) is transmitted is

RE*(t)=P4 (0)R,

2
+2R SW&{ i cos((a)jt+2nk5v)+¢,{)}
M

k=—

+4R)\| Py (0)S,,0v
{ f“ COS(CO,I—QFWM )cos((a)jt+2nk5v)+ O, )}

k=M
(28)
Hence, the mean value of current iy(t) represented as
<i(0)> is given by
(i(0)) = Ry (P& (0))+ RyS,, B,
where <P};,)M (0)> is as given in Equation (14). The noise
variance for bit “0” is

(29)

2eR,S,,B,B, + ’S’|2B,B, - B’
o (0)=2¢k, RS, [ I 6o
+0pase (0)+4K,TB, /R,

where o7, (0) is as given in (17). Substituting <1(1)> :
<i(0)> from (25) and (29) into (19), we obtain Equation
31).

Once o(1) and o(0) are known, P.)

Sks(s,;) €an be deter-

mined for a given Q (or P,) from (31). With this value
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of P&

SRS(s.j) *

(23).

corresponding P, can be determined from

5. Simulation Setup and Description

In order to evaluate the exactness of the theoretical re-
sults, we conducted extensive computer simulations of
8 and 16 channel WDM transmission systems based on
ITU-T G.692 recommendation [19] for applications on
G.653 fibers [20]. We used the commercial package
Rsoft OptSim™ simulation software (Version 4.0) that
gave us the environment almost like the exact physical
realization of a WDM system. OptSim provided us with
laser diodes, filters, modulators, fiber and photo detec-
tors which are the essential components to build an opti-
cal network. The simulated system for an 8 channel
WDM system is shown in Figure 3 and the same system
was extended by adding 8 more channels in order to
simulate a 16 channel WDM system. The channels are
modulated at 10 Gbps data rate using NRZ format and
the optical frequency distribution is based on the 100
GHz and 50 GHz ITU-T G.692 Recommendation fre-
quency grid. The analysis concerns the ‘worst case’, i.e
the case of the Ist and j™ (center) channel with the si-
multaneous presence of “1” bits in all the other channels.
The simulation system shown in Figure 3 consists of
three major sections, i.e., transmitter section, fiber sec-
tion and receiver section which are described next.

5.1. Transmitter Section

The transmitter consists of a pseudo random bit se-
quences (PRBS) generator, which generates PRBS at the
rate of 10 Gbps with 16 samples per bit using polynomial
of degree 7. The bit sequence is fed to the NRZ coder
that produces an electrical NRZ coded signal. The NRZ
driver converts the input to electrical outputs “0” for low
level and to “1” for high level. The source used is a CW
Lorentzian laser source and the system has been de-
signed around central wavelength of 1550 nm. The
Modulator used is a single arm Mach-Zehnder amplitude
modulator with sin’ electrical shaped input-output (P-V)
characteristics to convert the electrical signal into optical
signal. It has two inputs, one for the laser diode and the
other for the data from the channels.

1 P(’) 1 P(")
RPgson ~| 2RoPisn | ¢ 2 mo— 4 2
Q % j % ( j) 8 k#lzm R;R;'(a j) 4 k=l#m IDS(R;(S,/') (3 1)
- o(1)+o(0)
Copyright © 2011 SciRes. CN
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Figure 3. Architecture of the analyzed 8-channel WDM system.

5.2. Fiber Section

Signals from transmitters are combined using an optical
coupler. This combined optical signal is fed into a single
mode non-zero dispersion shifted fiber with dispersion
and attenuation values of 17 ps/nmkm and 0.2 db/km
respectively at the reference frequency. The length, nonlin-
ear index and core area of the fiber are as per the values
given in Table 1. The fiber model in OptSim takes into
account the unidirectional signal flow, SRS, FWM and
dispersion. The FWM effect is considered by defining
the nonlinear coefficient y for the fiber as [21]

_no

(32)
cAeﬁ

where n, is the Kerr nonlinear index coefficient, o the
angular optical frequency, A.; the effective core area,
and c the light velocity in vacuum. A Fixed gain optical
amplifier is used which sets the amplifier gain to 20 dB
with flat gain shape and noise figure value of 4.5 dB. The
distance between the first fiber and the EDFA is 80 km
and that between the EDFA and the second fiber is 40
km which makes the total fiber length equal to 120 km.
The optical spectrum analyzer (OSA) and the power me-
ter are used to view the optical spectrum and the power
of the signal at various points as shown in Figure 3.

5.3. Receiver Section
At the receiver, the splitter splits the optical signal at the
fiber output. The optical signal is passed through a band

pass Bessel optical filter with FWHM of 40 GHz to filter
out the required wavelength. The detection is done with

Copyright © 2011 SciRes.

Table 1. Values of different parameters used in simulation.

Parameters Symbol Values
gzﬁ:rtum efficiency of photo de- " 0.95
Ig:lrllslt;of the fiber between star L 120 km
Attenuation coefficient of fiber o 0.2 db/km
Raman gain profile Vs 7 x 107" cm/W?
Unsaturated amplifier gain G 10 dB
Optical filter bandwidth B, 10 GHz
Insertion loss of each 2 x 2 coupler L; 0.5dB
Splice loss Ly, 0.5dB
Receiver temperature T 300 K
Electrical bandwidth of receiver B, 1 GHz
Load resistance R, 100
i)oliltpp;letrpower variability of N x N L 05 dB
E}rlzgl:l:rll:y separation between df 50 & 100 GHz
Spontaneous emission factor Ngp 3
Data rate Ry 10 Gbps
Core area of the fiber At 50 pm2
Nonlinear refractive index of fiber n, 2.7 %102 m¥W
Dispersion coefficient (non-zero D, 17 ps/kmnm

dispersion shifted fiber)
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the use of PIN photodiode which has a quantum effi-
ciency of 0.95. Electrical filter of low pass Bessel type
with 5 poles & —3 dB BW of 0.75 x Bit Rate gives the
electrical signal at its output which is subsequently
measured for Q values and eye diagram. OptSim pro-
vides a visualization tool called Scope which is an optical
or electrical oscilloscope with numerous data processing
options like Q estimation and BER estimation.

6. Numerical Results and Conclusions

With the parameters mentioned in Table 1, Q for differ-
ent values of transmitted power has been computed for

the worst affected channels when (a) thermal, shot and
SRS noise (b) thermal, shot, FWM and SRS noise, and (c)
thermal, shot, FWM, SRS and ASE noise are present.
Figures 4 and 5 show the variation of Q with transmitted
power on the worst affected channel due to SRS (i.e., 1st
channel) with channel separation of 100 GHz and 50
GHz when the number of channels is 8 and 16 respec-
tively. The variation of Q with transmitted power on the
worst affected channels due to FWM (i.e., 5th channel
when total number of users is 8§ and 9th channel when
total number of users is 16) with channel separation of
100 GHz and 50 GHz is shown in Figures 6 and 7 for 8
and 16 channels respectively.

Q vs Transmitted Power for worst affected channel due to SRS for 8 channels

60

—F— Thermal+Shot+FWM+SRS df=100
——+— Thermal+Shot+SRS df=100

50 —<— Thermal+Shot+FWM+SRS+ASE df=100 |
—#—— Thermal+Shot+FWM+SRS df=50
—#— Thermal+Shot+SRS df=50

—<— Thermal+Shot+FWM+SRS+ASE df=50
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Figure 4. Variation of Q-factor with transmitted power for the worst affected channel due to SRS for 8 channels with channel

separation of 100 GHz and 50 GHz.

Q vs Transmitted Power for worst affected channel due to SRS for 16 channels
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Figure 5. Variation of Q-factor with transmitted power for the worst affected channel due to SRS for 16 channels with chan-

nel separation of 100 GHz and 50 GHz.
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Q vs Transmitted Power for worst affected channel due to FWM for 8 channels
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Figure 6.Variation of Q-factor with transmitted power for the worst affected channel due to FWM for 8 channels with chan-

nel separation of 100 GHz and 50 GHz.

Q vs Transmitted Power for worst affected channel due to FWM for 16 channels
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Figure 7. Variation of Q-factor with transmitted power for the worst affected channel due to FWM for 16 channels with

channel separation of 100 GHz and 50 GHz.

It can be observed from these figures that in both the
cases:

1) In presence of SRS, thermal and shot noises, Q in-
creases linearly with the transmitted power irrespec-
tive of the channel separation.

2) In presence of FWM, SRS, shot and thermal noises, Q
increases to a certain power level after which it starts
decreasing as FWM noise is dominant at high power
level.

3) In presence of ASE noise along with FWM, SRS,
thermal and shot noises, the maximum value of Q
further decreases for a given transmitted power.

4) Performance of the network when the frequency sepa-
ration is 50 GHz is worst compared to when the sepa-
ration is 100 GHz. This is due to the fact that as the
channel separation decreases, the effect of FWM in-

Copyright © 2011 SciRes.

creases resulting in performance degradation.

In order to observe the effect of increase in number of
channels on the performance of worst affected channels,
we varied the number of channels while keeping the
channel separation value constant. Variation of Q with
transmitted power on the worst affected channel due to
SRS with channel separation of 50 GHz and 100 GHz is
presented in Figures 8 and 9 respectively. Similar varia-
tion on the worst affected channels due to FWM with
channel separation of 50 GHz and 100 GHz is presented
in Figures 10 and 11 respectively. It can be observed
from the figures that on both the channels, the perform-
ance of a 16-channel network is worst compared to the
performance when the number of channels is 8, irrespec-
tive of channel separation. This is due to the following
reasons:
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Q vs Transmitted Power for worst affected chanel due to SRS for df=50GHz
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Figure 8. Variation of Q-factor with transmitted power for the worst affected channel due to SRS with 50 GHz channel sepa-
ration when there are 8 and 16 channels.

Q vs Transmitted Power for worst affected chanel due to SRS for df=100GHz
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Figure 9. Variation of Q-factor with transmitted power for the worst affected channel due to SRS with 100 GHz channel
separation when there are 8 and 16 channels.

Q vs Transmitted Power for worst affected channel due to FWM for df=50GHz
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Figure 10. Variation of Q-factor with transmitted power for the worst affected channel due to FWM with 50 GHz channel
separation when there are 8 and 16 channels.
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1) With the increase in number of channels, power loss
in the splitter increases as a result of which higher
transmitted power is required to obtain a given value
of Q.

2) With the increase in the number of channels, the
number of FWM components generated increase
leading to degraded network performance.

To validate the proposed theoretical model, simulation
was performed on the network shown in Figure 3 using

OptSim software, under the presence of all the noises (i.e.
shot, thermal, SRS, FWM and ASE noise). Q vs trans-
mitted power has been plotted for the worst affected
channel due to SRS with frequency separation of 100
GHz and 50 GHz in Figure 12 for 8 and 16 channels
respectively. Similarly, Q vs transmitted power on the
worst affected channels due to FWM with frequency
separation of 100 GHz and 50 GHz are shown in Figure
13 for 8 and 16 channels respectively.

Q vs Transmitted Power for worst affected channel due to FWM for df=100GHz
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Figure 11. Variation of Q-factor with transmitted power for the worst affected channel due to FWM with 100 GHz channel

separation when there are 8 and 16 channels.

Q vs Transmitted Power for worst affected channel due to SRS for N=8 and 16
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Figure 12. Comparison of theoretical and simulated results for variation of Q-factor with transmitted power for the worst
affected channel due to SRS for 8 and 16 channels with channel separation of 100 GHz and 50 GHz respectively.
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Q vs Transmitted Power for worst affected channel due to FWM for N=8 and 16
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Figure 13. Comparison of theoretical and simulated results for variation of Q-factor with transmitted power for the worst
affected channel due to FWM for 8 and 16 channels with channel separation of 100 GHz and 50 GHz respectively.

It can be observed from these figures that:

1) The OptSim results provide a degraded value of Q in
comparison to the exact theoretical approach. This
can be attributed to the fact that OptSim simulates the
nonlinear fiber using Split Step Fourier technique (or
Time Domain Split Step technique) which obtains an
approximate solution to the Nonlinear Schrodinger
equation (NLSE) that defines the pulse evolution in-
side a single mode fiber [21]. Even with the slight de-
viation in Q values; the graphs show that the simula-
tion results follow the theoretical result which sug-
gests that our model accurately calculates the Q-factor
of the all optical WDM network.

2) When the number of channels is 8 or 16, the perform-
ance of the worst affected channel due to FWM is in-
ferior compared to the performance of the worst af-
fected channel due to SRS for either frequency sepa-
ration. This can be attributed to the fact that on the 5th
channel ( or the 9th channel), due to SRS, the power
gain from lower wavelength channels is much lower
in comparison to the power that is lost to the higher
wavelength channels. Also, maximum FWM compo-
nents are generated at the central channel. Thus, the
higher power loss together with the dominant FWM
effect leads to higher Q-factor degradation at the Sth
channel (or the 9th channel) compared to the degrada-
tion at the 1st channel. Similar results can be observed
from Tables 2-3 when the number of users is 8, and
Tables 4-5 when the number of users is increased to
16. It can be seen from Table 2 that the maximum
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value of Q (theoretical) obtained on the 1st channel

that is worst affected due to SRS is 28.12 (when P, =

24 dBm, Af = 100 GHz, N = 8) whereas it is 22.77 on

the 5th channel which is worst affected due to FWM.

When the number of channels is increased to 16, it

can be observed from Table 4 that the maximum

value of Q obtained on 1st and 9th channel decreases
to 15.51 and 12.73 respectively.

3) It can be observed from Table 5 that with Af = 50
GHz and N = 16, maximum value of Q (theoretical)
obtained on the 9th channel is 6.39 (for P, =25 dBm).
This suggests that if the number of users further in-
crease or the channel separation decreases, it may
not be possible to obtain an error rate of 107 (i.e., Q
=06).

Hence, it can be inferred that for a given number of
channels there exists an optimum value of channel spac-
ing to obtain the performance at error rate of 10~ (i.e., Q
= 6). Further, the above observations indicate that the
performance of the central (i.e., j) channel is worst
compared to the 1st channel and thus for reliable trans-
mission and improved overall system performance, the
Ist channel must be preferred for transmission in com-
parison to the center channel.

To conclude, comparison of the worst affected chan-
nels due to SRS and FWM based on channel spacing and
number of users indicates that the worst affected channel
due to FWM gives degraded performance compared to
the worst affected channel due to SRS. This comparison
result suggests that the 1st channel should be preferred
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Table 2. Comparison of theoretical and simulated values for worst affected channel due to srs and fwm for N = 8.
Transmitted Due to SRS with Af= 100 GHz Due to FWM with Af= 100 GHz
Power (dBm) Q (Theoretical) Q (Simulated) Q (Theoretical) Q (Simulated)
5 0.52 0.48 0.52 0.50
10 1.65 1.64 1.65 1.64
15 522 5.20 5.23 4.88
20 16.16 15.90 15.84 1521
21 19.87 18.76 18.94 18.20
22 23.78 23.08 21.54 20.67
23 27.08 25.78 22.77 21.56
24 28.07 27.11 22.25 21.36
25 28.12 27.68 20.33 19.68
30 12.66 10.97 8.03 7.45
35 4.12 3.90 2.56 232
Table 3. Comparison of theoretical and simulated values for worst affected channel due to SRS and FWM for N = 8.
Transmitted Due to SRS with Af =50 GHz Due to FWM with Af= 50 GHz
Power (dBm) Q (Theoretical) Q (Simulated) Q (Theoretical) Q (Simulated)
5 0.52 0.48 0.52 0.51
10 1.65 1.60 1.66 1.65
15 522 521 5.20 5.00
20 13.67 12.62 11.43 10.67
21 14.48 13.77 11.14 10.34
22 14.16 13.58 10.16 9.35
23 12.95 11.95 8.83 8.10
24 11.27 10.24 7.42 6.99
25 9.48 8.86 6.11 5.76
30 325 2.78 2.00 1.78
35 0.93 0.88 0.50 0.50
Table 4. Comparison of theoretical and simulated values for worst affected channel due to SRS and FWM for N = 16.
Transmitted Due to SRS with Af= 100 GHz Due to FWM with Af =100 GHz
Power (dBm) Q (Theoretical) Q (Simulated) Q (Theoretical) Q (Simulated)
5 0.10 0.10 0.10 0.10
10 0.32 0.31 0.32 0.28
15 1.03 0.98 1.03 0.90
20 3.26 2.97 3.27 2.86
25 10.00 9.36 9.75 8.86
26 12.13 11.45 11.41 10.89
27 14.11 13.31 12.53 11.87
28 15.39 14.96 12.73 11.99
29 15.51 15.01 12.00 11.44
30 14.52 13.99 10.67 9.97
35 5.98 5.81 4.00 3.65
Copyright © 2011 SciRes. CN
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Table 5. Comparison of theoretical and simulated values for worst affected channel due to SRS and FWM for N = 16.

Transmitted Due to SRS with Af =50 GHz

Due to FWM with Af =50 GHz

5101;";; Q (Theoretical) Q (Simulated) Q (Theoretical) Q (Simulated)
5 0.10 0.10 0.10 0.09
10 0.32 0.31 0.32 0.28
15 1.03 0.99 1.04 0.90
20 3.26 3.00 3.25 2.82
25 7.81 7.31 6.39 5.87
26 7.89 7.53 6.02 5.24
27 7.39 6.98 5.34 4.76
28 6.54 6.21 4.55 3.78
29 5.57 5.15 3.78 3.25
30 4.61 3.51 3.07 2.55
35 1.49 1.25 0.92 0.80

for transmission over the center channel (i.e., ] channel).
The results obtained based on this investigation are ap-
plicable to all optical WDM networks of any length since
FWM dominates over SRS with increase or decrease in
the length of the fiber. Hence, performance of the worst
affected channel due to FWM will always be inferior in
comparison to the worst affected channel due to SRS.
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