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Abstract 

The stability of optical solitons amplified periodically by stimulated Raman scattering 

process in heavy fluoride fibers, is numerically studied for a range of parameters using 

computer simulation. An optimum single-mode fluoride fiber was used to design an all-

optical soliton based optical fiber communication system. The value of the chromatic 

dispersion is 0.6 psec/nm/ km with acceptable manufacturer tolerances. The length-

bandwidth product is four times that of a soliton-based optical communication system using 

present day silica fibers. In this design we numerically justify why we neglect the higher 

order terms in the Taylor series expansion of the propagation constant around the pulse 

central frequency. The single channel bandwidth-length product for bit error rate (BER) less 

than 10
-9

 is nearly 120,000 GHz.km. Typical amplification periods are in the range of 200-

300 km; average soliton and pump power are in the range of milliwatts and hence well within 

the capability of semiconductor lasers. 
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1. Introduction 

In present-day optical fiber communication systems (OFCS) operating at many Gbits/s, the 

bit rate between regenerators is limited by the chromatic dispersion characteristics of the fiber 

material and its design. For a single mode fiber, which has intrinsically higher bit rate, the 

chromatic dispersion is the deterministic factor in influencing the rate of pulse spread, hence 

the channel capacity. 

A natural choice to minimize the pulse spread is to carefully tune the laser wavelength to the 

wavelength at which the chromatic dispersion passes through zero. Nevertheless still pulse 

spreading occurs due to the higher order effects in the dispersion, also thus far it has been 

proven difficult to control the wavelength match between the laser diode output and the zero 

chromatic dispersion sufficiently well for this scheme to achieve its full potential. 

ISSN NO: 2279-543X

Page No: 32

International Journal of Scientific Research and Review

Volume 6, Issue 10, 2017



Also, optical signals are detected and electronically repeated every 20-100 km before 

continuing along the next fiber span, electronic repeaters can limit bit rate of transmission to 

a few Gbit/s, which means that only a tiny fraction of the tremendous information carrying 

capacity of the single mode optical fibers is used. Thus, the only sensible way to overcome 

electronic rise time limitations is by ensuring that the signal remains strictly optical in nature 

throughout the system. 

Hasegawa suggested a high bit rate all-optical communication system could be created 

through the combined use of loss compensating Raman gain and solitons. Numerical studies 

showed that solitons can indeed be made to propagate over long fiber spans with little change 

in shape, when Raman gain is used to compensate for energy loss. Experimental 

demonstration of soliton propagation over short fiber lengths was reported using Raman gain 

to exactly compensate fiber intrinsic loss. 

2. Soliton Theory 

The single mode optical fiber has small core diameter (about 10 µm). Since light can 

propagate over long distances, it possible to observe non-linear phenomena in fibers at power 

levels much smaller than that required for bulk media. Non-linear effects in single mode 

fibers have many important applications. Among these are the generation of new frequencies 

through the Raman process, the compression of optical pulses and the all-optical soliton 

based optical fiber communication system. 

A light propagating through a single mode fiber of length L and refractive index n will 

acquire a phase shift  ф = 
  

 
n L . ff the refractive index was. intensity dependent, n(I) = n0 + 

n2 I (r,t), n2 is the non-linear index coefficient, r is the radial distance, t is time and I is the 

input intensity, And if the input beam has an intensity modulation, the transmitted light will 

exhibit a temporally varying phase. 
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Where n2 is in esu units, E is the peak field amplitude in cgs units, p(t) is the transmitted 

power in watts, n is the change in the refractive index n, c is the velocity of light and Aeff is 

the core effective area of the fiber. 

Thus self phase modulation (SPM), can be regarded as a conversion of amplitude modulation 

to phase modulation through the non-linear refractive index. The instantaneous frequency 

shift at any point in the pulse is given by the time derivative of the phase modulation ω - ω0 = 

 

  
 (    According to the rate of change of the input light with respect to time, the 

instantaneous frequency shift could be either positive or negative, which means that some 

points in the pulse will be accelerated while others will be retarded with respect to the pulse 

center. This leads to frequency broadening ( chirp ) and consequently pulse spreading, which 

limits the bit rate of the system. 

The presence of group velocity dispersion regardless of its sign, will always lead to 

broadening of the transform limited pulse. If the pulse was chirped, however, then pulse 

compression can occur if the dispersion has the correct sign to reverse the chirp. The 

frequencies in the leading half of the pulse are lowered, while those in the trailing half are 

raised. When the dispersion is negative, the group velocity increases for increasing 

frequency, thus the trailing half of the pulse containing the higher frequencies is advanced, 

while the leading half containing the lowered frequencies is retarded. The pulse then tends to 

collapse on itself. Thus the combined effects of non linearity and negative group velocity 

dispersion achieves pulse narrowing. It also becomes possible to have the propagation of the 

so called "solitons", pulses that either does not change shape or have shapes that change 

periodically with propagation along the fiber. 

Although the above argument can explain simple narrowing, it is not sufficient to account for 

pulse shaping effects and soliton behavior. To correctly predict the latter, one must solve the 

non-linear Schrodinger equation, which governs the evolution of the pulse envelope. 

3. Optimum fluoride fiber design 

Because of their ultra low loss in the 2-5 µm region, multicomponent heavy metal fluoride 

glass fibers appear to be a serious contender as the transmission medium of future long-haul 

telecommunication networks. It remains to be -seen whether this loss can be achieved in 

practical fibers. The best loss achieved at 2.55 µmis approximately 1 dB/km whereas the 

predicted minimum is 0.03 dB/ km. 
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As will be indicated, for the sake of pulse stability, it is desirable to have values of the soliton 

characteristic period (Z0) to be a good fraction of the amplification period length (L). Since 

the pulse width scales as (Z0D)
1/2

 , it is necessary to reduce the fiber dispersion parameter D 

to the smallest possible value so as to increase the bit rate of the system. This represents the 

first criterion in the fiber design. 

4. Raman gain and pulse energy 

Optical solitons can propagate free of distortion in a fiber with group dispersion, however the 

pulse width increases in the course of propagation because of loss in the soliton power due to 

fiber attenuation. 

If the Raman amplification is distributed such that it exactly compensates for the fiber loss, 

the soliton can propagate free of distortion practically for an unlimited distance. Although the 

Raman gain cannot be kept constant because of the fiber loss and pump depletion, the 

amplification process is still adiabatic, hence allowing the soliton to keep its characteristic 

property as a soliton (width x amplitude) = constant. 

In contrast, if the amplification is made locally, only the amplitude is increased (without 

reducing the width) and the soliton radiates away excess energy in the form of dispersive 

waves. In this case it has been found necessary to amplify the soliton again before the 

dispersive waves escapes from the soliton. This means that the amplifier spacing is 

determined by the distance controlled by the group velocity dispersion. 

Since the Raman gain is non uniform with each period L, the corresponding effective 

gain(loss) coefficient and pulse energy variation must be established first before any further 

calculations of the soliton properties. 

Consider soliton pulses at wavelength λ8 propagating down a fiber span of length L, while 

subject to the simultaneous effects of fiber loss and bidirectional CW Raman pumping at 

wavelength λp. The loss(gain) is given by 

 

α is the fiber loss coefficient (km
-1

) at the soliton wavelength, αeff is the effective fiber loss 

coefficient and αg is given by: 
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αp is the fiber loss coefficient (km
-1

) at the pump wavelength,  

R is the Raman gain factor (km
-1

),  

g is the Raman gain coefficient (cm/W),  

Pp is the Raman pump power (mW), and  

Aeff is the effective area of the fiber core (µm
2
). 

The Raman gain coefficient (g), for fluoride fibers, is between 1 - 3 x 10
-11

 cm/W around 1.0 

µm, since g is inversely proportional to λ, then g at λp = 2.22 µm will be approximately 

0.9x10
- 11

 cm/W. 

5. Soliton propagation in a lossless medium 

The envelope A(z,t) of the electric field E(z,t) = A(z,t)exp(i(kz - ωt)) in an optical fiber 

satisfies the following dimensionless non-linear Schrodinger (NLS) equation. 

 

The first term on the right hand side describes the effect of dispersion while the second term 

describes the effect of non linearity. In the absence of these two terms the left hand side alone 

would describe the distortion-less propagation of the pulse envelope, thus one can imagine 

that when non linearity balances dispersion similar distortion-less propagation might occur. 

If a pulse shape of the form: 

 

is inserted here, then it will propagate as a pure soliton for integer N (which we refer to as the 

order of the soliton). Explicit expressions for A(ξ,s) have been obtained for N = 1,2 and these 

are 
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We see that |A1|
2
 = sech

2
 s is independent of ξ ' however' this is not true for |A2|

2
· which 

develops periodical structure in e with period п /2. This, in fact, is the same for all higher 

order solitons (N ≥ 2). We can also generate a continuous set of solutions from these by using 

the invariance of the NLS equation under the following transformations: 

 

i.e. A(ξ= 0,s) = N βsech(βs) is also a soliton. 

6. Soliton power, Raman pump power and pump depletion 

Soliton power 

In real world quantities, the fundamental soliton peak power P1 

 

the peak power of the fundamental soliton vs. Z0 for various values of Aeff. 

Pump power and pump depletion 

In ordinary single mode fibers, the relative pump and signal polarizations change rapidly with 

propagation. This makes the average gain ag just half of its value given. Also in a 

bidirectional pumped system, the quantity Pp represents the sum of the contributions from 

both ends of the fiber span; thus modifying, we obtain 

 

where a αg (L,O) is the value of a αg required at either ends of each amplification period L. 

The CW pump power for unity gain over the amplification period L in a fiber with Aeff = 75 

µm
2
, αg and αp as were given earlier. 
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There is an additional attenuation (depletion) of the pump power brought about by the 

amplification process. That is, one pump photon is lost for every signal photon acquired 

through the Raman amplification process. From that basic equation one can calculate the 

additional loss coefficient Δαp from 

 

where Pa is the average signal power and is given by 

 

where T is the time separation between soliton pulses; the factor 1/2 accounts for the average 

occupation of pulse slots in a typical data stream. It is required that this pump depletion be 

small, such that the Raman pump power will not be significantly dependent on the signal 

power. As an illustrative example, for r = 16 psec, which corresponds to Zo = 62.5 km, T /r = 

10, Aeff = 75 µm
2
, P1 = 30 mw, the additional attenuation at the pump wavelength is 2.4 x 10

-

3
 km

-1
, which is only 17 % of the fiber intrinsic attenuation at λp. 

7. Conclusions 

It is obvious that the soliton based OFCS using Fluoride fibers has a promising future. Recent 

experimental verification [20] showed by recirculating a 55 psec soliton pulses ( >., = 1600 

nm ) many times around a closed 42 km loop, with loss exactly compensated by Raman gain 

at .Ap = 1497 nm , faithful pulse transmission in the form of solitons has been demonstrated 

without electronic regeneration over distances in excess of 4000 km . Much work remains to 

be done before a soliton based communication system could be realized in practice, for 

example developing a system for pump laser diodes and the wavelength selective coupling. 

Nevertheless this experimental demonstration revealed no fundamental barrier to its 

realization. 

An important fact to be stressed, however, is that solitons are not just one stable solution of 

the NLS equation, but the only stable solution. Thus for example, it is not feasible to base an 

all-optical system on pulses propagating at the wavelength of zero dispersion. That is, for 

pulses of usefully large energies, the combination of non-linear effects and higher order 

dispersion will produce severe pulse broadening and distortion. 
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