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Abstract 

Four wave mixing (FWM) is fiber non-linearity that restricts the maximum 
repeaterless transmission distance in dense wavelength division multiplexing 
(DWDM) optical communication system. In this paper, 32×10Gb/s DWDM 
system using hybrid amplifiers (Raman-EDFA and YDFA-EDFA) have been 
investigated at different channel spacing (100GHz, 75GHz, 50GHz and 25GHz) 
to analyze the effect of  FWM  by varying the length of optical fiber from 40-
220km. It has been observed that as the channel spacing reduces, the 
performance of the system degrades drastically. It is reported that Raman-EDFA 
shows better overall system performance as compared to YDFA-EDFA. The 
maximum repeaterless transmission distance for the worst case scenario at 
25GHz channel spacing is 120 and 100km for Raman-EDFA and YDFA-EDFA 
respectively.  
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INTRODUCTION 

The demand of bandwidth for high speed internet traffic is rapidly growing day-by-day 
due to increased usage of multimedia applications. To achieve the higher capacity 
DWDM optical system is the basic promising technology [1].  As the transmission 
distance increases, the system performance degrades due to attenuation, dispersion and 
other fiber nonlinearities. To overcome these losses optical amplifiers are used. For 
higher transmission capacity, WDM systems can be improved by upgrading spectral 
efficiency, channel speed and number of channels. Since 1980’s, for long-haul and 
ultra-haul transmission systems EDFA has been utilized in WDM systems [2]. Raman 
amplifiers reduce the nonlinear penalty of fiber systems and have improved noise 
figure, due to which th overall performance of the system is improved [3]. Ytterbium 
amplifier is likely to find wider use because of its broad bandwidth and efficient 
performance [4]. Drawbacks of optical amplifiers can be compensated by using hybrid 
amplifiers. Cascading two amplifiers results in hybrid amplifiers having many 
advantages over the individual amplifiers like more flat gain profile and wide gain 
bandwidth, due to which the overall performance of the system can be enhanced [5].  
Gain of an optical amplifier is given as: 

                           𝐺𝑎𝑖𝑛 =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑠𝑖𝑔𝑎𝑛𝑙

𝐼𝑛𝑝𝑢𝑡 𝑠𝑖𝑔𝑛𝑎𝑙
                                 (1) 

Mohammed N. Islam [3] explained that in hybrid amplifier (Raman-EDFA) total gain 
is the sum of the gains of two amplifiers. 

                                                        GHybrid  = GEDFA + GRaman                                        (2) 

To achieve the higher bandwidth hybrid amplifiers have been used with DWDM 
systems but this considerably results in fiber non linearity like self-phase modulation 
(SPM), cross phase modulation (XPM) and FWM effect. FWM effect is the generation 
of optical intermodulation product and these products appear as crosstalk thus degrades 
the overall performance of the DWDM optical system. In FWM three optical 
frequencies (ωi,ωj, ωk) will combine to generate the fourth intermodulation product ωijk 
[1]. Where ωijk is given as 

                                                  ωijk = ωi+ωj - ωk, and   i,j≠k                 (3) 

The fourth generated intermodulation product travel along the signal, results in 
crosstalk and thus degrades the overall performance of the system. For M wavelengths 
the number of intermodulation products (N) is given by 

                                                                𝑁 =
𝑀2

2
(𝑀 − 1)                                  (4) 

The amplitude AF of the FWM component at the frequency ωF is governed by 

                                           𝑑𝐴𝐹

𝑑𝑧
= −

𝛼

2
𝐴𝑓 + 𝑑𝑓𝛶𝐴𝑖𝐴𝑗𝐴𝑘

∗ exp(𝑖∆𝑘𝑧) ;                 (5) 
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Where, Am(z) = Am(0)exp(-αz/2)  for   m= i,j,k  and   𝑑𝑓 = 2 − 𝛿𝑖𝑗 is the degeneracy 
factor such that its value is 1 when i=j but doubles when i≠j. 

Power transferred to the FWM component in a fiber of length L is given as 

                                                                            𝑃𝐹 = [𝐴𝐹(𝐿)]2                               (6) 

Ju Han Lee et al. [6] investigated the performance of hybrid amplifier by cascading 
DCF based Raman amplifier and EDFA. They perform experiment by comparing the 
performance of three types of single-pump highly efficient DCF Raman/EDFA hybrid 
amplifier in terms of gain, noise figure and stimulated Brillouin scattering-induced 
penalty. S. H. Wang et al. [7] stimulate a hybrid amplifier in which a Raman-assisted 
fiber optical parametric amplifier is used with a fiber optical parametric amplifier. By 
considering length of fiber and parametric pump powers of Raman amplifier, the 
recommended amplifier can increase the gain of Raman Amplifier- Fiber Optic 
Parametric Amplifier. Masum-Thomas et al. [9] proposed a hybrid amplifier by 
cascading thulium doped fluoride fiber with discrete Raman amplifier. For the 
recommended configuration they observed that for a bandwidth 1445-1520nm Gain > 
20dB was achieved and for bandwidth 50nm Gain >30dB and noise figure between 7 
and 8dB were achieved. Flat gain was also achieved due to symmetric gain spectra of 
both the amplifiers. 

Federigh et al. [10] numerically analyze high concentration Er3+/Yb3+ co-doped silica 
waveguide amplifiers. They explained that Yb3+ to Er3+ pair induced energy transfer in 
erbium-ytterbium co-doped wave guide amplifier (EYCDWA) with optimized rare-
earth concentrations allows one to effectively reduce the detrimental effect of both 
uniform and pair-induced up conversion mechanisms from the erbium metastable level. 
High gain and few-centimeters-long amplifiers can be fabricated providing important 
functions for optical communications systems. Moghaddama et al. [11] experimentally 
and theoretically investigated the performance of high power erbium-ytterbium doped 
fiber amplifier. They analyzed that EYDFA provides a output power > 23dB and flat 
gain by using multimode pumping at 927nm for a bandwidth 1541 to 1565nm. Chang 
et al. [12] investigated the performance of EDFA and hybrid fiber amplifier (HFA). By 
comparing the performance of EDFA and HFA, they observed that HFA can be an 
alternative of line amplifiers instead of EDFA, as by using HFA the overall 
performance of the system can be enhanced.  Kaler et al. [13] investigated the 
performance of 16 channel WDM systems at 10Gbps for EDFA, SOA, Raman-EDFA 
and Raman-SOA and compared their performance on the basis of transmission distance 
and dispersion. They observed that Raman-EDFA provide highest output power and 
least bit error rate. 

In this paper we extended the previous work by comparing the performance of 
32×10Gb/s DWDM system using Raman-EDFA with YDFA-EDFA for various 
channel spacing by varying the transmission distance. This paper is organized in to four 
sections. In section II, system model is explained. In section III, results of Raman-
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EDFA and YDFA-EDFA are compared and finally, in last section IV conclusion is 
given. 

 
SYSTEM DESCRIPTION 

In Figure 1, 32×10Gb/s DWDM system has been described using various hybrid 
amplifiers i.e. Raman-EDFA and YDFA-EDFA at various channel spacing (100GHz, 
75GHz, 50GHz and 25GHz).  
 

 
  

Figure 1: Schematic diagram of DWDM system 
 
Each transmitter contains data source, continuous wave (CW) laser, electrical driver 
and external modulator. CW laser source generates 32 laser beams with the starting 
frequency of 193.4THz and frequency range 193.4-196.5THz, 193.4-195.725THz, 
193.4-194.95THz and 193.4-194.175THz for channel spacing 100GHz, 75GHz, 
50GHz and 25GHz respectively. Output of CW laser and data source and fed in to the 
external modulator. Parameters of laser source are: line-width = 10MHz and power = 
10dBm. Mach-Zehander modulator with extinction ratio = 15dB is used as the external 
modulator to modulate data source signals using laser. Transmitted signals are 
multiplexed and launched in to optical fiber, where hybrid optical amplifiers (Raman- 
EDFA and YDFA-EDFA) are used to amplify the signals. Results are evaluated by 
varying the length of optical fiber from 40-220km. Optical non linear effects in link are 
also considered and various parameters of standard single mode fiber (SSMF) are: 
attenuation = 0.2dB/km, dispersion slope = 0.07ps/nm2/km, dispersion = 6ps/nm/km 
and non linear index of refraction = 2.6×1020m2/W. The various parameters for Raman 
amplifier are: length = 9km, operating temperature = 300K, pump wavelength = 
1450nm and pump power = 150mW. Different parameters of doped fiber amplifiers are 
shown below:  
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Table 1: Parameters of Doped fiber amplifiers 
 

Hybrid amplifier Length 
 (m) 

Core radius  
(µm) 

Ion density 
 (m-3) 

Numerical aperture 

EDFA 5 2.2 1025 0.24 

YDFA 5 3.4 1025 0.2 
 
These amplified signals are then received by optical receivers. Optical receivers 
comprise of PIN photodetector, low pass Bessel’s filter and 3R regenerator. Parameters 
of PIN photodiode are: dark current = 10nA and responsivity = 1A/W. Low pass Bessel 
filter having cut off frequency = 7.5GHz and order = 4. BER analyzer and spectrum 
analyzers are used as visualizers to obtain the value of Q-factor, BER, output power, 
eye diagrams and signal spectrums.  
 
RESULTS AND DISCUSSIONS 

The performance of two hybrid optical amplifiers i.e. Raman-EDFA and YDFA-EDFA 
have been compared for channel spacing 100GHz, 75GHz, 50GHz and 25GHz by 
varying the fiber length from 40-220km. From Table. 2, it has been observed that 
performance of  Raman-EDFA is superior to YDFA-EDFA in terms of Q-factor 
because Raman performs better for high power values. These results are supported by 
work done in Ref. [1]  It has been found that as the channel spacing decreases, the 
system performance drastically degrades owing to four wave mixing effect. 
 
 

Table 2.  Q-value[dB] for Raman-EDFA and YDFA-EDFA  at various channel 
spacing 

 
Length 
(km) 

Q- values (dB)at various channel spacing 

Raman-EDFA YDFA-EDFA 

100GHz 75GHz 50GHz 25GHz 100GHz 75GHz 50GHz 25GHz 
40 34.39 26.60 16.54 8.37 24.26 18.89 13.9 7.88 

80 31.58 21.97 13.46 6.69 22.55 17.45 12.57 6.78 

120 20.18 15.53 10.29 5.51 17.26 14.24 9.68 5.31 

160 13.67 10.10 7.65 3.64 11.77 8.82 7.06 3.52 

200 7.69 5.53 3.67 0 5.87 4.36 3.005 0 

220 5.83 4.47 0 0 4.33 2.07 0 0 

 



348 Anu Sheetal and Harjit Singh 

Figure 2  shows the graph of Q-factor versus length of optical fiber for comparing the 
performance of Raman-EDFA and YDFA-EDFA at 100GHz, 75GHz, 50GHz and 
25GHz.  It is observed as the transmission distance increases and channel spacing 
reduces,  Raman-EDFA and YDFA-EDFA have comparable Q-values. 
 

     
(a)                                                                           (b) 

         
                                     (c)                                                                            (d) 
       

Figure 2. Q-value as a function of fiber length at different channel spacing (a) 
100GHz, (b) 75GHz, (c) 50GHz and (d) 25GHz. 

 
The performance of the system is also analyzed by considering the output power and 
YDFA-EDFA provide better results than Raman-EDFA. Output power decreases with 
increase in transmission distance due to amplified spontaneous emission (ASE) noise 
power, thermal noise, white Gussian noise, shot noise and also due to fiber 
nonlinearities. This work show good accord with Refs.[1,14]. The maximum output 
power is obtained at 100GHz channel spacing and as the spacing reduces there is 
decrease in output power because of non linear effects (FWM and SPM).For YDFA-
EDFA output power achieved at 40 and 220km  is 8.77 and  -26.75dBm respectively.  
 
Optimized Q-factors of Raman-EDFA at 100GHz, 75GHz, 50GHz and 25GHz channel 
spacing are 33.25dB, 26.58dB, 16.55dB and 7.83dB respectively achieved at 50km 
fiber length. However, for YDFA-EDFA, Q-factors achieved at 100GHZ, 75GHz, 
50GHz and 25GHz channel spacing are 23.49dB, 18.78dB, 13.84dB and 7.63dB 
respectively. 
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Figure 3. Input and output spectrums of Raman-EDFA at various channel spacing at 
50km fiber length: (a) 100GHz, (b) 75GHz, (c) 50GHz, (d) for 25GHz. 

 
Figure 4 Input and output spectrums of YDFA-EDFA at various channel spacing at 
50km fiber length: (a) 100GHz, (b 75GHz, (c) 50GHz, (d) 25GHz. 
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                                              (c)  

 
                                           (d) 

 
                                           (a) 

 
                                          (b) 

  
 

            (c) 

 
                                           (d) 

 

Figure 5. Showing eye diagrams of Raman-EDFA  after 50km of fiber length for 
channel spacing: (a) 100GHz, (b) 75GHz (c)50GHz and (d) 25GHz. 

 
 
Figure 6. Showing eye diagrams of YDFA-EDFA  after 50km of fiber length for 
channel spacing: (a) 100GHz, (b) 75GHz (c)50GHz and (d) 25GHz.  
Figure 3,4,5 and 6 shows the optical spectrums and eye diagrams for Raman-EDFA and 
YDFA-EDFA for different channel spacings. Table 3 shows the values of Maximum 
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repeaterless transmission distance for Raman-EDFA and YDFA-EDFA at 100GHz, 
75GHz, 50GHz and 25GHz channel spacing. 

 
Table 3 Maximum repeaterless transmission distance 

 
 
 Channel spacing 

 

    Maximum Repeater-less Transmission 
Distance BER ≤10-9 

Raman-EDFA YDFA-EDFA 
100GHz < 220km < 200km 

75GHz < 200km <190km 

50GHz < 180km <170km 

25GHz < 120km <100km 

 
 

IV.  CONCLUSION 

The 32 × 10Gb/s DWDM system has been analyzed using YDFA-EDFA and Raman-
EDFA hybrid amplifier having 100GHz, 75GHz, 50GHz and 25GHz channel spacing 
and performance has been evaluated on the basis of transmission distance. From the 
results it has been concluded that Raman-EDFA outpower YDFA-EDFA in terms Q-
factor at higher channel spacing. As channel spacing reduces and transmission distance 
increases Raman-EDFA and YDFA-EDFA shows comparable results. At last, from the 
optical spectrums it has been observed that as the channel spacing reduces the effect of 
four wave mixing drastically increases. 

. 
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