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Abstract 
Limitations imposed by Four-Wave Mixing (FWM), Amplified Spontaneous 
Emission (ASE), dispersion and Stimulated Raman Scattering (SRS) on a 
multi-spam DWDM system are theoretically studied. In this work, expression 
for the linear dispersion parameter D has been defined as a function of num-
ber of channels in order to separate FWM and SRS effects and calculates both 
maximum fibre length and optimum power. Additionally, our simulation re-
sults consider the effect of ASE noise from Erbium Doped Fibre Amplifiers 
(EDFAs). This theoretical analysis yields a set of design criteria from opti-
mized multi-span DWDM systems. 
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1. Introduction 

Long distance high capacity optical transmission is achieved using optical fibre 
links in backbone of terrestrial and transoceanic communication systems. Linear 
and non-linear effects limit the capacity. Among the main non-linear effects are 
Four-Wave Mixing (FWM), Stimulated Raman Scattering (SRS), Stimulated 
Brillouin Scattering (SBS), Self-Phase Modulation (SPM), and Cross-Phase 
Modulation (XPM). Furthermore, Amplified Spontaneous Emission (ASE) noise 
from Erbium-Doped Fibres Amplifiers (EDFAs) is present. Dense Wavelength 
Division Multiplexing (DWDM) technology is used to make maximum use of 
the total bandwidth of single mode optical fibres [1] [2]. The effect of dispersion 
and nonlinearities limit the performance for transmission over long distances at 
data rates greater than 2.5 Gbits/s. EDFAs are used to compensate fibre losses 
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and to increase the transmission distance, causing at the same time, an increase 
of ASE noise and nonlinearities. Different kinds of fibres have been designed to 
reduce the effect of dispersion and nonlinearities [3] [4] [5]. There are numerous 
studies on nonlinear impairments showing the importance and complexity of 
such phenomena for DWDM [6]-[11]. 

In this paper, design parameters for multi-span DWDM system limited by 
FWM, SRS and ASE noise are proposed. The dispersion parameter limit is also 
calculated, and the optimum power transmission per channel is evaluated for 
different number of channels or inter-channel spacing. Additionally, our analy-
sis shows different spectral regions where each nonlinearity is dominant, and 
how to find intersections where general spectral limits can be obtained, taking 
into account the combined effects of FWM, SRS, and ASE noise. 

2. Model 

The multi-spam DWDM model used is show in Figure 1.  
Where N is the number of channels, La is the optical amplifier spacing, L is the 

system length, M is the number of segments, A1 and Am-1 are the first and last 
EDFA respectively, f1 and fN are the first and last frequency channel. 

A total spectral bandwidth 1 3.75NW f f= − =  THz (30 nm) within C-band 
is considered. The WDM density parameter ∆f is a function of the number of 
channels N and can be expressed as: 

( )1 1i if f f W N−∆ = − = −                    (1) 

The central frequency f is given by: 

[ ]1 193 THz 1550 nm
2

Nf f
f

+
= =                 (2) 

C bands central frequency is a well-known value. At 1550 nm its equivalent to 
193 THz approximately (f = c/wavelength). 

The FWM signal is located at a frequency ( ),n i j kf f f f i j k= + − ≠  and it is 
given by the mixing of three signal frequencies ,i jf f  and kf  co-propagating 
through a single-mode fibre, which generates a new wave frequency (FWM sig-
nal) by means of nonlinear interaction. The power of the FWM signal at the nf  
frequency is given by [10] [12]: 

2
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Figure 1. DWDM architecture. 
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where, λ  is wavelength, c is the light speed in vacuum, η  is the core refrac-
tive index, a is the linear loss coefficient, , ,i j kP  are launched input power per 
channel, ( )( )1 expeff aL a L a= − − ∗  is the fibre effective length, effA  is the ef-
fective area of the guided mode, d is the degeneracy factor ( 3d =  for i j= , 

6d =  for i j≠ ), ( )3χ  is the third-order nonlinear electric susceptibility (6 × 
10−14 m3 W−1) and ijkη  is the FWM efficiency, given by:  

( )
2

2
2 2 2

4e1 sin
21 e

a

a

a L
ijk a

ijk
a L

ijk

La
a

β
η

β

− ∗

− ∗

    ∆ ∗   = +      + ∆     −    

        (5) 

where ijkβ∆  represents the phase mismatch which may be expressed in terms of 
signal frequency differences and fibre dispersion as:  

( ) ( ) ( )( )
2 22 π d

d 2ijk i k j k i k j k
Df f f f D f f f f

c c
λ λβ

λ
    ∗ ∗

∆ = − − + − + −     ∗    
 (6) 

here, D is the fibre chromatic dispersion coefficient which is wavelength depen-
dent. In a multi-wavelength system with N wavelength channels of equal chan-
nel spacing, the total FWM power generated at the frequency fn may be ex-
pressed as a summation: 

2

2 2e a

n i j k n i j k

effa L
n ijk s ijk ijk

f f f f f f f feff

M L
P P k P d

A
η− ∗

= + − = + −

 ∗
= = ∗ ∗ ∗  

 
∑ ∑       (7) 

where the summation is made over all the relevant combinations which satisfy 
the relation: ( ),?n i j kf f f f i j k= + − ≠ .  

We can define the term Y indicating the maximum values of the summation 
2

ijk ijkdη  for overall channels as follow: 

( )2 , , , 1, 2, ,ijk ijkY MAX d i j k Nη= ∗ =∑ �                (8) 

In a system with equal power per channel ( ) i j k sP P P P= = = , the FWM 
power on the worst affected channel ( n w= ) is given by: 

2

2 e aeff a L
w s

eff

M L
P k P Y

A
− ⋅

 ∗
= ∗ ∗  

 
                   (9) 

For the case of a system with different power levels, Equation (9) would only 
affect the Y term by adding each different power per channel. In such case Y 
would be: 

( )2
ijk ijk ijkY MAX P dη= ∗ ∗∑                    (10) 

Nevertheless, for practical purposes all channels are considered to have equal 
power. 

FWM can be considered as an interference signal, and supposing that the re-
quired optical signal to interference ratio is 20 dB (typical value) at the receiver 
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to ensure no appreciable performance penalty [1], the maximum launched 
power per channel mP  can be obtained considering the worst affected channel 
and it can be approximated as follows: 

e
100

aa L
m

w

P
P

− ∗∗
=                        (11) 

2

1
100

eff
m

eff

A
P

M L k Y
=

∗ ∗ ∗
                  (12) 

The effect of ASE noise due to inline amplifiers is estimated next. The total 
amount of ASE noise power at the receiver increases with the number of am-
plifiers. Therefore, in long distance amplified systems the ASE noise dominates 
over other noise sources (shot noise and thermal noise), and the Bit Error Rate 
(BER) performance is mainly determined by optical signal-to-noise ratio 
(OSNR). The SNR can be estimated from a simple Gaussian approximation in 
[13]: 

2 o

e

o

e

BQ Q
B

SNR
B
B

+
=                     (13) 

where oB  is the bandwidth of the optical filter, eB  is the electrical bandwidth 
of the receiver and Q a parameter related to BER given by:  

2
 

21
2 2 2

Q

Q eBER erfc
Q π

−
 

= ≈  ∗ 
              (14) 

The filter bandwidth should be large enough to pass the entire frequency con-
tents of the selected channel but, at the same time, small enough to block the 
neighbouring channels and noise, typically ~oB B  and it represents the min-
imum optical bandwidth to avoid blocking signal [1] and eB B< , in our simu-
lation we take ~ 2oB B  and ~ 2eB B  to provide sufficient margin. To 
achieve a BER of 1 × 10−12, Q = 7 and SNR = 15.75 (11.97 dB) from Equations (8) 
(9). Assuming an SNR = 20 dB (typical value), the total ASE noise at the detector 
can be expressed as [1] [14]: 

( )2 1sp sp oP n G h f B M= ∗ ∗ − ∗ ∗ ∗ ∗               (15) 

where h is Plancks constant (6.63 × 10−34 J·s), f is the centre frequency, G is the 
gain of the amplifier, spn  is the population inversion parameter and 2nsp is the 
amplifier noise factor and its minimum value is 2 for an ideal amplifier [1]. Con-
sidering equal amplifier spacing (M = L/La) and that amplifier gain G compen-
sates for fibre loss as: 

e aa LG E ∗= ∗                          (16) 

where E is a factor accounting for possible losses introduced by fibre splices and 
other optical components inserted in the transmission line, we can assume the 
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value of 1 for practical purposes. The minimum power per channel to ensure the 
required SNR (20 dB) can then be obtained as: 

( )200 1sp o aP n G h f B L L= ∗ ∗ − ∗ ∗ ∗ ∗                (17) 

The FWM effect imposes an upper limit and ASE imposes, on the contrary, a 
minimum limit to the power per channel value when the transmission distance 
is increased. Therefore, the intersection between P and Pm provides the maxi-
mum value of transmission distance (L = Lmax) and Po_fwm = P = Pm is the opti-
mum transmission power as shown below: 

( )

1 2
2

max_ 2

1
100200 e 1a

eff a
fwm a L

sp o eff

A L
L

k Yh f n B E L∗
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  (19) 

Equations (13) and (14) are valid only for a systems limited by FWM and ASE 
noise. 

Next it is important to calculate the dispersion limit. The limit of transmission 
distance for Intensity Modulation with Direct Detection (IM/DD) systems due 
to dispersion effect is given by the following expression [14]: 

2 22D
cL

B Dλ
=

∗ ∗ ∗
                     (20) 

The effect of SRS-ASE can be considered in a similar way. In this case, an up-
per and lower limit can be obtained for the power per channel due to SRS-ASE. 
To do this, a worst-case neglecting walk-off effect and dispersion are considered. 
The maximum power to ensure a SNR degradation of less than 0.5 dB in the 
worst channel is given by [15]: 

( )
12

max_
8.7 10
1srs

eff

P
N N M f L

∗
=

− ∗∆ ∗
                  (21) 

The intersection between Pmax_srs and Equation (12) gives a maximum value of 
transmission distance considering SRS and ASE noise: 

( )( )
12 2

max _
8.7 10

200 1 e 1a

A
srs L

sp o eff

LL
h f n B N N E f Lα∗

∗ ∗
=

∗ ∗ ∗ ∗ ∗ − ∗ − ∆ ∗
     (22) 

So, the optimum transmission power for a system limited only by SRS and 
ASE noise is given by: 

( )6
_

e 1
41.7 10

aa L
sp o

o srs
eff

h f n B E
P

N W L

∗∗ ∗ ∗ ∗ −
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∗ ∗
          (23) 

The intersection between Pmax_srs and Equation (21) gives a maximum value of 
transmission distance considering SRS and ASE noise: 

Equations (13) and (17) can be used to evaluate the optimal length for mul-
ti-span DWDM systems limited by FWM and SRS separately. Then, we can ana-
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lyse overlapping regions where both nonlinearities fix the same optimal length. 
This intersection can provide us with a more general limit for the maximum 
length in the DWDM system considering the combined effects of FWM, SRS, 
and ASE respectively. With this procedure one can obtain the spectral limits of a 
DWDM system without considering the simultaneous analysis of both nonli-
nearities [16]. In this case, we have to be clear take that we are not interested to 
study the gradual degradation process through the fibre due to FWM an SRS, 
but rather the final degradation due to both nonlinearities in the worst channel. 

3. Simulation Results and Discussion 

The amplifier spacing (La) can be calculated according to typical values of re-
ceiver sensitivity as: S = −24 dBm, α = 0.25 dB/km (a in dB), PT = 1 mW. 

A value of La = 75 km ( ( )a TL P S α< − ) and a bit rate B = 2.5 Gbps per 
channel is considered in all our simulations.  

Figure 2 shows the FWM power per channel (Equation (4)) evaluated for 
different values of D, with 31 channels and 1 nm channel spacing. As we can see, 
the FWM power depends on the location of the zero dispersion wavelength. At 
D = 0 ps/((km·nm)) the maximum FWM power in the central channel is ob-
tained due to the maximum efficiency ijkη  is obtained too, it agrees with [12]. 
At 0D ≠  the FWM power decreases. If the zero dispersion wavelength is far of 
the WDM signal bandwidth, the right or left extreme channels suffer most (de-
pending on the sign of D).  

Figure 3 and Figure 4 show the maximum length considering the combined 
effects of SRS-ASE, FWM-ASE and Dispersion in a separated form for a 30- and 
70-channel system, respectively. Three intervals or domains can be identified by 
the intersection of the curves, SRS-ASE, FWM-ASE and Dispersion domain.  

The evolution of these intersection can be approximated through the follow-
ing expressions: 

FWM-ASE interval domination. 
5 28.9 10 0.011 1.1D N N−< ∗ ∗ + ∗ +                 (24) 

Figure 5 shows the evolution of the optimal power for different intervals in 
agreement with Equation (19). As it can be seen, they are higher than the power 
threshold for SRS and SBS (Stimulated Brillouin Scattering) [17] [18] [19] [20] 
[21]. 

Table 1 is obtained via Equations (13) (14) and (19). It shows the maximum 
value of optimum power (Po_fwm) and maximum length (Lmax) in a FWM-ASE 
domain. Po_fwm and Lmax decrease depending of the interval of D, and value of D. 

For a DWDM system with N = 100 channels (∆f = 37.8 GHz), the maximum 
value of Po_fwm is 0.15 mW with a value of D = 3.09 ps/km·nm, and it can de-
crease depending on D. 

Po_fwm varies in a range of 0.78 - 0.15 mW for a range N of 1.21 - 3.09 
ps/km·nm up to N = 100 channels. 

SRS-ASE interval domination. 
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5 2 28.9 10 0.011 1.1 0.00066 0.18 3.8N N D N N−∗ ∗ + ∗ + < < − ∗ + ∗ +    (25) 

Figure 6 shows a curve of the evolution of the optimal power for different 
number of channels in agreement with (20). 

Table 2 is obtained using Equations (17) (18) and (20). It shows the maxi-
mum value of optimum power (Po_srs) and maximum length (Lmax) in a SRS-ASE 
domain. Po_srs and Lmax decrease depending on the value of the design parameters 
(N, D, ∆f). 

For a DWDM system of N = 100 channels (∆f = 37.8 GHz), the maximum 
value of Po_srs is 0.005 mW with a value between D = 3.09 to 15.2 ps/km·nm, and 
it is constant in all interval of D. The interval of D is higher than FWM-ASE case, 
but the level of optimum power is lower. 

Finally, the interval dominated by the effect of linear dispersion D is given by: 
20.00066 0.18 3.8D N N> − ∗ + ∗ +                  (26) 

 
Table 1. Po_fwm (mW) and Lmax (km) in FWM-ASE domain, for different design parame-
ters N (channels), ∆f (GHz), D (ps/km·nm). 

N D< Δf Lmax< Po_fwm< 

10 1.21 416 2044 0.78 

20 1.35 197 1407 0.33 

30 1.51 129 1157 0.31 

40 1.68 96 1002 . 

50 1.87 76 898 . 

60 2.08 63.5 818 0.21 

70 2.30 54.3 757 . 

80 2.54 47.4 . 0.18 

90 2.81 42.1 . . 

100 3.09 37.8 634 0.15 

 
Table 2. Po_srs (mW) and Lmax (km) in SRS-ASE domain, for different design parameters 
N (channels), ∆f (GHz), D (ps/km·nm). 

N D Δf Lmax Po_srs 

10 1.215.53 416 2044 0.0160 

20 1.357.13 197 1407 0.0113 

30 1.518.60 129 1157 0.0092 

40 1.689.94 96 1002 0.0080 

50 1.8711.15 76 898 0.0071 

60 2.0812.22 63.5 818 0.0065 

70 2.3013.16 54.3 757 00060 

80 2.5413.97 47.4 . 0.0056 

90 2.8114.65 42.1 . 0.0053 

100 3.0915.20 37.8 634 0.0050 
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Figure 2. FWM power per channel for positive and negative values of D. 

 

 
Figure 3. Limitation due to FWM-SRS-ASE-Dispersion for N = 20 channels. 

 

 
Figure 4. Limitation due to FWM-SRS-ASE-Dispersion for N = 70 channels. 
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Figure 5. Optimum power as a function of D, for a system limited by FWM y 
ASE, for 30, 60 and 100 channels. 

 

 
Figure 6. Optimum power as a function of N, for a system limited by SRS and ASE. 

4. Conclusion 

We have explored the limitations of a multi-span DWDM system imposed by 
FWM, ASE, dispersion and SRS for up to 100 channels. We have determined the 
conditions under which DWDM systems will be limited mainly by FWM and 
ASE, or SRS and ASE separately and altogether. In particular, for the FWM-ASE 
nonlinearities, the optimum power transmission per channel was calculated. The 
effect of SBS can be neglected because the power needed for these nonlinear ef-
fects to appear above their threshold is not reached and Brillouin gain band-
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width is too short. The optimum link length that can be achieved for these sys-
tems was calculated from the channel number or inter-channel spacing and the 
total dispersion based on the crossover of the predicted FWM, SRS and disper-
sion limit. In particular, for channel spacing higher than 125 GHz, the SRS-ASE 
nonlinearity becomes dominant in comparison to the FWM-ASE effect, but at 
the same time, according to the proposed methodology, one can adjust the de-
sign parameters in order to obtain a same effect of the FWM and SRS nonlin-
earities including the ASE noise respectively. Our results are of great interest for 
the design of novel optimized multi-span DWDM systems. 
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